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SUMMARY 
The term "Brillouin scattering" refers to the quasi-elastic 
scattering of electromagnetic radiation which involves a normal frequency 
change of a fraction of a wave number for visible light. With the use 
of the He-Ne laser and a high-resolution detection device, it has become 
feasible to record Brillouin spectra from which a lot of valuable 
information regarding to the properties of scattering medium can be 
derived. For a binary mixture, the equations which relate the intensity 
ratio of the central unshifted peak to the Brillouin peaks to the 
concentration derivative of activity coefficient are available. There 
are complications and experimental limitations in the actual applications 
of these equations. It is the purpose of this research to develop a 
standard procedure by which activity coefficients can be obtained from 
the Brillouin spectra of binary solutions. 
The first part of the experimental work concerns the relation 
of the intensity ratio coefficient, A, to the theory of thermal 
relaxation. The solutions suitable for studying A are those in which 
the scattering due to concentration fluctuations is relatively small 
and calculable. The systems chosen for study are benzene + toluene, 
benzene + ethylene dichloride, toluene + ethylene dichloride, and 
0 
acetone + chloroform; all of them at 25 C. The first three systems are 
known to obey Raoult's law closely, whereas the last system shows 
negative deviation from Raoult's law and the activity coefficients are 
ix 
known. From the comparisons between the theoretical predictions and 
the experimental results of A, no significant discrepancy beyond the 
normal experimental uncertainty was found. 
The next part of the experimental work concerns the other 
intensity ratio coefficient, B, which is also affected by thermal 
relaxation. The systems chosen for study include acetone + carbon 
disulfide at 25°C and benzene + methanol at 25°C. For these systems the 
scattering due to concentration fluctuations is predominant and the 
term A becomes relatively unimportant. The results of Brillouin 
scattering experiments are given in terms of excess Gibbs free energy 
and compared with those from standard thermodynamic methods. Good 
agreement is obtained, which indicates that B has been correctly 
evaluated and the method is successful. A third non-ideal system, 
dodecane + naphthalene at 85°C is chosen for study because the 
equilibrium vapor pressures of dodecane and naphthalene at 85°C are 
only 7 and 9 mm Hg respectively. The experimental result was compared 
with those obtained at considerably higher temperatures by the vapor-
liquid equilibrium method, and qualitative agreement is deduced from 
a consideration of probable temperature dependence of the excess Gibbs 
free energy. It is concluded that the Brillouin scattering method may 
prove useful in cases where standard thermodynamic methods are not 
practical. 
Finally an attempt is made to simplify the Brillouin scattering 
method such that some parameters which are difficult to obtain with 
good accuracy can be eliminated. Specifically, the need for the 
X 
temperature derivative of refractive index and the thermal expansion 
coefficient, which might otherwise be required, is avoided by an 
empirical procedure using an empirical correction factor in the Lorentz-
Lorenz equation'. The simplified method is first checked by an independ­
ent criterion and then it is applied to those systems being studied. 
The results compare favorably with those from the more formal 
procedure. 
1 
CHAPTER I 
INTRODUCTION 
Light scattering has been developed as one of the most useful 
techniques in physical chemistry. It is commonly used for determining 
the molecular weights of macromolecules in solutions. If the wavelength 
of the light used is small compared with one of the dimensions of 
macromolecules, then some information about the molecular shape can 
be obtained. The second virial coefficients of polymer solutions have 
been studied by the light-scattering technique. More recently the 
activity coefficients of binary liquid mixtures have been measured 
from the intensity of Rayleigh light scattering. An alternate approach 
is the study of the fine structure of scattered light. The method uses 
the intensity of Brillouin peaks as a reference. Thus the requirement 
to measure accurately the intensity of incident light may be avoided. 
This is a significant simplification over the standard light-scattering 
method, but an additional complication due to the relaxation effect in 
liquids must be properly solved. 
In the classical theory of light scattering developed by 
1 2 Einstein and Smoluchowski, the dense sample is divided into volume 
elements V large enough to contain many molecules, but of linear 
dimension small compared to the wavelength of the light. The electric 
field of the incident light wave induces a dipole moment in each volume 
2 
element, which then becomes the source of scattered light. If the 
incident light is polarized with the wave vector perpendicular to the 
scattering plane, the intensity of the scattered light, X,, from each 
volume element as observed from a distance K. is related to the 
intensity of the incident light, I 0, by 
*
 11
 V <(Ae ) 2> (1) 
l o
 H2 \ 4 
a. ho 
2 
where \ 0 is the wavelength of the incident light, and < (A e ) > is the 
mean-square fluctuation of the dielectric constant £ . 
3 
In 1922, Brillouin predicted that the scattered light should 
consist of a doublet symmetrically shifted from the frequency of the 
incident light, co, by 
A co = ±2 co ( — ) sin 4" (2) B c 2. 
where co = —^—, v and c are the velocities of sound and light in the 
A o 
4 
sample, and 8 is the scattering angle. In 1930, Gross confirmed 
Brillouin's prediction experimentally, but also revealed the presence 
of an unshifted component in the fine structure of the scattered 
light. Pertinent to the experimental work of this dissertation it 
should be noted that the magnitude of A co is typically on the order 
D 
of 0.1 cm \ when the He-Ne laser which has a characteristic wave­
length of 6328 A is the source of radiation. 
In 1934, Landau and Placzek"* explained the triplet structure 
and predicted that the ratio, J, of the intensity of the unshifted 
central component to that of the Brillouin doublet should be 
3 
T
 X C Gp - Cv g T " g S 
where Cp and Cv are the heat capacities at constant pressure and 
constant volume, $ T and 3 are the isothermal and adiabatic 
compressibilities, and 7 without subscript is the ratio Cp/Cv or 3T/3C 
According to Landau and Placzek" fluctuations in £ are 
separated into two kinds. Pressure fluctuations at constant entropy-
propagate as sound waves, giving rise to Doppler-shifted Brillouin 
scattering. Entropy fluctuations at constant pressure do not propagate 
and are the source of unshifted scattering. 
Ae = (|_|)p As+ (|A)s AP 
< ( A e ) 2 > = ( f~ >p <(AS) 2> + ( ) 2 <(AP) 2> (4) 
where <AS AP> = 0 because fluctuations in entropy and pressure are 
statistically independent. In solutions, there are concentration 
fluctuations as well. Since they are non-propagating and decay by 
diffusion processes, they contribute to the unshifted scattering only. 
For a binary solution, Miller^ has found from the thermodynamic 
theory an accurate expression of the intensity ratio in terms of 
2 
measurable quantities. If < (A e) > denotes all the fluctuations 
cen 
2 
contributing to the unshifted scattering, and <(A e )acj-^a]3>» t n e 
adiabatic pressure fluctuations, then the intensity ratio is 
< ( A e ) 2 > j- p_
 (5) 
< ( A £ ) a d i a b > 
4 
u -\2 ^ k B T . 3 £ ,2 ^ k B T , 3 £ . 2 
where <<u O c e n > = T p — < ) p > ^ + ( ^  ) T > p and 
(
 3n^ } T , P 
k T 2 k T 
, / « ^  \ 2 . B 1
 N , 3 £ » 2 . B ., 3 £ * 2 
< ( A £ ) a d i a b > = - ^ T ( 1 ~~yn Tt >p, n £ + v l j ( 3 T >T, n ? 
+
 2 k B t 2 a P 3 ^ 3_£_ 
3 T Cv 3 T ; P , n ^ 3 P ; T , n 2 
kg is the Boltzmann constant, a p is the thermal expansion coefficient, 
and u 2 is the chemical potential and n 2 the number of moles of the 
component 2. Introducing the relation d £ = 2n dn, where n is the 
refractive index, and the approximation 
(
 |p } T , n 2 S ' o ~ ( ft } P , n 2 ( 6 ) 
Miller^ has obtained a simplified formula for the intensity ratio of 
a binary solution 
J - (Y- 1) + (Y- 1) ( 7 ) 
where X is the mole fraction. The subscripts for partial differentiation 
are omitted and the variables of binary systems from here on will be 
T, P, and X. For pure liquids, Eq. ( 7 ) reduces to Eq. ( 3 ) , the Landau-
Placzek formula. For ideal solutions where 
^1 . RT 
3X2 " X 2 ( 8 ) 
5 
w h e r e R i s t h e g a s c o n s t a n t , Eq. ( 7 ) b e c o m e s 
J = (y - 1) + (Y - O K X ^ ( 9 ) 
W h 6 r e
 , 3 n _ . 2 
R T 2 (|f)2 
C o n s i d e r t h e p o s s i b l e e r r o r i n t r o d u c e d by Eq. ( 6 ) . Coumou e t a l . ' ' 
h a v e u s e d a q u a n t i t y x w h e r e 
ft r 3 V 
The a c c u r a t e r e l a t i o n , g i v e n by Eq. ( 5 ) may be w r i t t e n i n t h e form o f 
t h e s i m p l i f i e d Eq. ( 7 ) by r e p l a c i n g (y - 1) i n Eq. ( 7 ) w i t h 
( Y - 1) 
( 1 + T ^ > 2 
7 9n 
I f Eq. ( 6 ) h o l d s e x a c t l y , x w o u l d b e z e r o . Coumou e t a l . m e a s u r e d 7^ 7 
and a t 23 C f o r a number o f o r g a n i c l i q u i d s . U s i n g t h e (3^ and OL^ 
m a i n l y from t h e l i t e r a t u r e , t h e y showed t h a t x i s t y p i c a l l y b e t w e e n 
0 . 0 1 and 0 . 0 5 . U n f o r t u n a t e l y t h e f a c t t h a t x i s s m a l l and i s composed 
o f t h o s e p a r a m e t e r s w h i c h a r e d i f f i c u l t t o m e a s u r e a c c u r a t e l y makes i t 
d i f f i c u l t t o e v a l u a t e x . F o r i n s t a n c e , i f 7^ 7, 3 T » and a p c a n a l l 
b e o b t a i n e d w i t h an u n c e r t a i n t y n o t e x c e e d i n g 2%, and i f x i s o n t h e 
o r d e r o f 0 . 0 2 , i t i s s t i l l p o s s i b l e f o r t h e u n c e r t a i n t y o f x t o b e a s 
high as 40%. For most organic liquids, x appears to be small enough 
for the approximation in Eq. (6) to be acceptable. 
For pure liquids, significant deviations from the Landau-
Placzek formula are known to occur as a result of a few other causes. 
For example, viscous liquids and liquids near a critical point are 
known to disobey Eq. (3). For viscous liquids, it has been postulated 
that the damping of sound waves due to high viscosity weakens the 
Brillouin scattering causing the intensity ratio to increase with 
g 
viscosity. For a liquid near its critical point, fluctuations are so 
large that the thermodynamic relations which have been used lose 
9 
their validity. 
A more general problem that occurs in many ordinary organic 
liquids is thermal relaxation. For pure liquids, it is found that 
relaxation increases the value of J above the Landau-Placzek value; 
J > y- 1. A general interpretation is that some energy from the 
spontaneously generated sound waves as represented by the pressure 
fluctuation term is left to the non-propagating modes of energy, 
resulting in the increased intensity in the central peak, whereas the 
intensity of the Brillouin peaks is decreased. Of course the total 
intensity of the three peaks remains the same as that predicted by 
the thermodynamic theory. Pinncw et a l . ^ have suggested a good 
approximation to account for the effect of thermal relaxation by 
modifying the Landau-Placzek formula by 
7 
where M(A co^ ) and M(0) are the adiabatic moduli of the liquid at the 
frequency of A 0)^ and the low frequency limit respectively, v and vo 
are the corresponding velocities of sound. Since the Brillouin shifts 
from the frequency of the incident He-Ne laser are generally on the 
9 
order of 3 x 10 cps, v is often referred to as the hypersonic 
velocity; v 0 will be referred to as the ultrasonic velocity, measured 
at frequencies of the order of 10^ cps. Actually modern techniques in 
ultrasonics using tranducer crystals are capable of producing sound 
waves at frequencies from below 10^ cps to well above 3 x 10^ cps!"^ 
12 
For a relaxing binary solution, the intensity ratio is 
R 3 X „ X 
J = A + B ^ --^-y^r (13) 
d T
 3 ^ 
where 
A = y ( X_ ) 2 _ 1 (U) V o 
B = (Y - 1)( rr~ ) 2 (15) 
V o 
2 2 
and since T a vo 
y-l.—L— (16) 
l a 2 v 2 
B
 • — c T " ( 1 7 ) 
A and B will be called the intensity ratio coefficients. For an ideal 
binary solution, 
J = A + BKXjX 2 (18) 
where K was defined in Eq. (10). Eqs. (13) (14) (15) will be the basic 
8 
equations for finding the activity coefficients. Thus besides measuring 
the intensity ratio, it is necessary to determine the hypersonic 
velocity at the frequency of Brillouin shifts. The ultrasonic velocity 
is usually taken as the velocity of sound at the low frequency limit. 
Both the concentration and temperature derivatives of refractive index 
at the wavelength of the incident light must be measured. If y^ a n £* Y 2 
are denoted as the activity coefficients of component 1 and 2 respectively, 
it can be shown from Eq. (13) that 
BKX XX 2 31ny 2 91ny i 
j - i " 1 = x 2 ~lx^ ~ = x i axx ( 1 9 ) 
Eq. (19) is the practical form used in analyzing the experimental 
results to obtain the activity coefficients. It should be noted that 
Eq. (19) applies to both components regardless of how they are labelled. 
Thus the Gibbs-Duhem relation is automatically satisfied. 
In addition to the hypersonic velocity and the concentration 
derivative of activity coefficient, the Brillouin spectrum can convey 
more information. For example, Brillouin peaks are broadened as a 
result of the absorption of sound waves, which is a dissipative 
13 
process. By studying the widths of Brillouin peaks, it is possible 
to determine the acoustic absorption coefficient, from which the 
14 15 
dispersion and the vibrational relaxation in liquid may be detected. ' 
The unshifted peak has been found to consist of two Lorentzians that 
involve the combined dynamical effects of heat conduction and diffusion.^ 
In many cases where the two Lorentzians are so different in width, by 
9 
s t u d y i n g t h e w i d t h o f t h e c e n t r a l p e a k i t i s p o s s i b l e t o o b t a i n t h e 
d i f f u s i o n c o e f f i c i e n t ^ 
A more e x a c t t r e a t m e n t o f t h e r m a l r e l a x a t i o n i s a v a i l a b l e . 
18 
M o u n t a i n h a s shown t h a t f o r a t h e r m a l l y r e l a x i n g l i q u i d i n v o l v i n g a 
s i n g l e r e l a x a t i o n p r o c e s s , t h e i n t e n s i t y r a t i o i s g i v e n by 
T / , . x = T C = ( y - 1 ) ( 1 + A ( k ) ) + B ( k ) , 9 n . 
J W
 2 I B 1 - B ( k ) - ( y - l ) A ( k ) U U ; 
w h e r e .2 2 X 1 2 2 , , v o N 4 / V o N 2 
( V q o - v ) k t + ( — ) - ( — ) 
A ( k ) = - - ^ — 7 ^ ( 2 1 ) 
( v k T ) 2 + ( ^ ) 4 
( v 2 - v 2 ) k 2 T 2 + ( ^ ) 4 - ( ^ ) 2 
B ( k ) V- - - 2
 ( 2 2 ) 
( V k T ) 2 + ( ^ - ) 4 
18 
w h e r e t i s t h e r e l a x a t i o n t i m e d e f i n e d i n t h e r e l a t i o n 
/ 2 2 N 
Q o
 1 + 2tt^(A co ) T 
B 
( 2 3 ) 
p o i s t h e e q u i l i b r i u m d e n s i t y , n_ i s t h e f r e q u e n c y - d e p e n d e n t b u l k 
v i s c o s i t y , k w i t h o u t s u b s c r i p t i s t h e wave s h i f t 
2ir(A to ) 
k = 5_
 ( 2 4 ) 
v 
and v r o i s t h e s o u n d v e l o c i t y a t t h e h i g h f r e q u e n c y l i m i t . L e t Cr be t h e 
r e l a x i n g p a r t o f s p e c i f i c h e a t a t t h e f r e q u e n c y o f B r i l l o u i n s h i f t s , 
19 
t h e n v may be f o u n d from t h e f o l l o w i n g e q u a t i o n 
2 
=
 Cv(Cp - Cr) , . 
2 Cp(Cv - Cr) 
V o 
10 
Either v or Cr and T must be determined experimentally. 
20 
Stegeman et al. have studied Brillouin scattering and the dis­
persion and attenuation of hypersonic thermal waves in liquid carbon 
tetrachloride. They have shown that for this liquid at 20 °C, 
v = 1.102 x 10 5 cm/sec 
00 
T = 6.5 x i o " U sec 
21 
Fishman and Mountain have indicated that the dispersion equation for 
the propagating modes in light scattering is 
-^co)3T - a)2 + ^wv 2k 2T + v 2 k 2 = 0 (26) 
To obtain the velocity of sound from this equation, it is necessary 
to solve it in terms of k, T, Vo, and v . The solutions are 
v ( k ) - ± 4 ^ ( 2 7 ) 
where , 3 2 2 , ^ 
^ 27 6 2 K 27 108 6 4 27 ; ' u o ; 
L {
 27 + 6 2 + ^ 27 108 6 + 4 + 27 } > U 9 > 
where q = v 2 k 2 T 2 and r = v ? k 2 T 2 . For liquid CCl^, at 2 0 ° C 2 2 , 2~*, 
vo = 0.938 x io5 cm/sec 
Y - 1 = 0.465 
Fig. 1 illustrates graphically the frequency dependence of the 
intensity ratio of liquid CCl^ at 20°C from the calculation based on 
Eqs. (20) and (26). Since the scattering angle is related to the frequency 
by Eq. (2), it also shows how the intensity ratio varies with the 
11 
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Figure 1. Intensity Ratio J(k) of CC1 Versus k by Mountain's Formula 
12 
scattering angle. For a typical experimental arrangement using the 
He-Ne laser as the source of radiation and the 90 degree scattering 
angle, the frequency of phonon modes may be calculated from the 
following equation 
A co_ = 2.235 x 10 4«n«v (30) 
where n is the refractive index at 6328 A and v is given by Eq. (27). 
From the above-mentioned numerical data for carbon tetrachloride at 
20°C, the hypersonic velocity calculated according to Eq. (26) is 
1.055 x 10^ cm/sec in good agreement with the experimental value of 
5 20 
1.056 x 10 cm/sec obtained by Stegeman et al. From n = 1.45545 
q 
obtained at 6328 A, Eq. (30) leads to A co_ = 3.253 x 10 cps and 
B 
k = 2.044 x io~* cm The intensity ratio at this scattering angle is 
0.75 from Eq. (20), compared with 0.85 from Eq. (12). The experimental 
24 25 
values reported in the literature scatter around 0.75. ' 
For a relaxing binary solution, the intensity ratio predicted 
21 
by Fishman and Mountain is similar to Eq. (20). 
J(0)(1 4- A(k)) + B(k) 
J(k) (31) 
' 1 - B(k) - J(k)A(k) 
where J(0) is the intensity ratio as predicted by the thermodynamic 
theory, and is given by Eq. (5), A(k) and B(k) are the same as given 
21 
by Eq. (21) and Eq. (22). Fishman and Mountain then proposed that 
measurements of the intensity ratio should be made at several scattering 
angles in order to determine B(k) and J(0) jointly. Whether such a 
13 
procedure will yield more accurate activity coefficients is still up to 
experimental substantiation. There seems to be little difference 
between the choices of using J(0) from Eq. (5) or Eq. (7) and using 
J(k) from Eq. (13) to calculate activity coefficients. From a practical 
standpoint, what appears to be a significant consideration is the fact 
that the squares of thermal expansion coefficient and temperature 
derivative of refractive index are needed. Both quantities are 
difficult to obtain with the acceptable degree of accuracy, such as 
±2%. Thus a simplified method to overcome this difficulty will be 
developed and given in detail in the last chapter. 
Statement of the Problem 
The purpose of this dissertation is to develop a standard 
procedure by which activity coefficients of binary solutions can be 
obtained from Brillouin spectra recorded at a 90 degree scattering 
angle. The equation relating the intensity ratio, J, to the concentra­
tion derivative of activity coefficient is 
BKX X 3lny 91ny 9 
^ _ 1 — v L
 =
 V ~ -
1 3 X ! 2 3 X 2 
J and K are to be determined from experiment, A and B will be predicted 
from theory. The first problem is to show that A and B can in fact be 
estimated with reasonable accuracy from theoretical considerations. 
The second problem is to show that, in cases where standard 
thermodynamic methods are not practical, this method may prove useful. 
14 
A binary system under a condition where the equilibrium vapor pressures 
are very low will be chosen for study to illustrate the advantage of 
the method. 
A general characterization of the practicability of the method 
will be approached by an error analysis to designate the circumstances 
under which the use of this method is subject to a known degree of 
uncertainty. 
Since the calculations of A and B require the use of the heat 
capacity ratio Cp/Cv which is a number rather difficult to determine 
with good accuracy, it is a purpose of this research to develop a 
simplified procedure whereby Cp/Cv is not needed. 
15 
CHAPTER II 
APPARATUS AND EXPERIMENTAL 
Preparations of Solutions 
Solutions were prepared by mixing one component with the other 
in a thoroughly cleared and dried beaker. The number of moles of each 
was determined by weighing on a Met tier Instrument automatic balance 
type-H15 (Capacity 160 grams) or type-K7T (Capacity 800 grams). To 
minimize change of weight due to vaporization, mixing and weighing were 
carried out in the same beaker simultaneously. The sample was then 
transferred to a previously cleaned and dried bottle, and sealed off 
immediately. Preliminary calculations were made so that the volumes of 
solutions were similar to each other, while the concentrations were 
closely 20%, 40%, 60%, and 80% in mole fractions. 
The sources of organic compounds and their purities were as 
follows. The naphthalene was Eastman Recrystallized. A check on its 
purity by the method of freezing point depression indicated that the 
impurity was 0.87% in mole fraction. The dodecane was Eastman Spectro 
Grade. The benzene, toluene, ethylene dichloride, acetone, and methanol 
were Fisher Certified reagents. The carbon disulfide was Allied Chemical, 
meeting A.C.S. Specifications. All compounds were used without further 
purification. 
Light Scattering Experiments 
The experimental arrangements have been described in reference 
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12 where dilute solutions were studied. Some additions and modifications 
were made later. A general description of the apparatus that was used 
in the present study will be given. 
Solutions were made dust-free by filtration under a positive 
pressure of nitrogen through a 0.22-u Millipore filter. The standard 
turbidity cells made by the Phoenix Precision Instrument Co. were used 
to contain samples. A cell was first cleaned in boiling water, then 
washed with the condensing vapors of carbon tetrachloride. This was 
followed immediately by the filtration of the solution to be studied 
into the cell. Sometimes repeated filtrations were necessary if the 
dust in the sample would result in spikes showing up in the spectrum. 
To filter solutions rich in naphthalene, a sintered glass filter 
enclosed in a specially constructed aluminum block was used. The 
temperature of the filter could be roughly set in advance with a power-
stat. The structure is shown in Fig. 2. 
The source of radiation was a Perkin Elmer Model 6320 He-Ne 
laser providing up to 10 mW of vertically polarized radiation at 6328 A 
with a half width of about 0.025 cm 1. An aluminum block, closely 
fitting the cell and electrically heated, served as the temperature 
controlling device of the sample to be studied. A copper-constantan 
thermocouple using melting ice as a reference junction and a potentio­
meter was used to measure the temperature of the aluminum block. The 
structure of the cell unit is shown in Fig. 3. A cylindrical lens of 
10-cm focal length, whose focal axis was perpendicular to the incident 
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laser beam and its plane of polarization, was used to gather and 
collimate the scattered light parallel to the horizontal plane only. 
The scattered light was then analyzed with a piezoelectrically driven, 
scanning Fabry-Perot interferometer. A stabilized 350-v power supply 
and a 10-turn 250,000-ohm Helipot driven by a multispeed synchronous 
motor provided the voltage drive. The reflectivity of the mirror was 
95% giving a theoretical finesse of 60 from the relation 
1 - r 
where F is the finesse and r is the reflectivity. The alignment of the 
interferometer was initially manipulated with a pair of micrometers 
attached to one of the mirrors. A simplified diagram of the interfero­
meter was given in Fig. 2 of reference 12. Later a Tropel Model-242 
scanning Fabry-Perot interferometer with the same mirrors was used. 
The mirror spacing was readily adjustable on the Tropel model, and 
depending on the Brillouin peak separation of the sample, it was chosen 
from 1.00 cm to 1.40 cm giving a free spectral range from 0.50 cm 1 to 
0.36 cm .^ A spherical lens of 50-cm focal length was used to focus 
light emerging from the interferometer onto an adjustable pinhole of 
about 1-mm diameter. Here the light consisted of a system of concentric 
fringe rings, and only the central spot was permitted to pass through 
the pinhole. A polarizer was situated between the pinhole and the 
detector. It consisted of a nicol prism of 6-mm aperture mounted in a 
tube to fit an adapter and a graduated rotable object holder. The 
detector was an EMI 9592-B photomultiplier with an S-10 reponse. The 
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signal was amplified through a Schoeffel M-600 photometer and displayed 
on an X-Y recorder. The same voltage drive for the interferometer 
provided the signal for the X-axis. The over-all instrumental half-
width was not more than 0.05 cm ^ at about 1 cm mirror separation. 
A simplified diagram showing the arrangement of the apparatus is given 
in Fig. 4. 
The stray light was minimized by enclosing the cell unit, 
interferometer, optics, and photomultiplier in a wooden box internally 
painted black. The laser tube was similarly protected in another 
wooden box. A beam director was used later, making it possible to put 
the two long boxes in parallel while the scattering angle remained 
unchanged. 
Brillouin spectra were recorded at about 90 degree scattering 
angle by this arrangement. The room air-conditioning system kept the 
apparatus and the sample to be studied at nearly 25°C. It was possible 
for the temperature of the sample to drift off a fraction of a degree 
during the experiment. The effect of small differences in temperature 
on the intensity ratio was considered negligible. In a typical run, one 
order of free spectral range was swept over, and the Brillouin peaks 
and the Rayleigh peak were properly located on a recording paper. Then 
under otherwise identical conditions, the dark base line was obtained 
without the light source, and the spectrum of the depolarized light 
was obtained with the polarizer turned 90 degrees. To determine the 
hypersonic velocity, two orders of free spectral range were swept 
over twice, once forward and then backward, without recording the 
Seam director Cell unit 
Cylindrical 
lens 
c 3 Cylindrical lens 
Tropel Fabry-Perot 
interf erometer 
He-Ne laser 
at 6328 A 
Spheri cal lens 
" Pin hole 
] Polarizer 
Photomultiplier 
Figure 4. Schematic of Light-scattering Apparatus 
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dark base line and depolarization. Temperature measurements were made 
from time to time. It was the practice to complete experiments of an 
entire system of solutions consecutively so that the experimental 
conditions were little changed throughout. The ratio of Brillouin shift 
A coB 
to free spectral range, ^ ^ , was obtained from each spectrum by 
F 
taking the average of the values corresponding to the forward and the 
backward scannings. Benzene was often used as the standard to determine 
the hypersonic velocities of solutions, since its hypersonic velocity 
has been accurately determined under the same experimental arrangement 
using the He-Ne laser radiation source and a 90 degree scattering 
2 6 
angle. For those systems containing acetone, which is a non-relaxing 
liquid, the standard was acetone, and the ultrasonic velocity was 
equal to the hypersonic velocity. The following equation was used 
for calculations. 
n (-7 ) 
v s A cu ' 
(32) 
n
 ^ 
where the subscript s denotes the standard. In using this equation, 
A coB 
the ratio (^  ^ ) g should be obtained under the same experimental 
F 
condition as those of solutions. This indirect method has the advantage 
of being simple, while the accuracy is believed to be within ±2%. A 
typical Brillouin spectrum of an equimolar mixture of benzene and 
methanol at 24.2°C is shown in Fig. 5. In recording this spectrum, 
the signal amplification for the central peak was always reduced to 
Figure 5. Spectrum of Light Scattered by an Equimolar Solution of Benzene and Methanol at 24.2°C 
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one tenth of that of the Brillouin peaks without interrupting the 
scanning movement. 
Some modifications in the apparatus were made for the light 
scattering experiments at elevated temperatures. The cell unit was 
separated from the rest by corrugated cardboard and the air in this 
chamber was sucked out continuously by a small air pump to keep the 
temperature of other parts constant, since the alignment of the 
interferometer was very sensitive to the ambient temperature. For 
solutions containing high concentrations of naphthalene, it was 
necessary that the filter, after being cleaned with toluene and dried, 
be maintained above 80t>C. After the dust-free sample covered in a 
cell was put into the aluminum block, its temperature was maintained 
constant to within ±0.2°C of the desired temperature. The interfero­
meter and optics were lined up repeatedly until a stable and good 
signal was obtained. By this procedure, it was possible to take 
Brillouin spectra up to 120°C. 
A planimeter was used to compute the intensity of each peak. 
A base line was drawn above the spectrum of the depolarized light at 
a distance equivalent to one third of its intensity. The area covered 
2 
by a peak above this base line was taken as the intensity of the peak. 
A typical Brillouin spectrum of naphthalene at 85°C is shown in Fig. 6. 
For solutions having high intensity ratios it was necessary to record 
the central peak and the Brillouin peaks at different amplifications 
of the signals. However the line shapes of the Brillouin peaks thus 
obtained were often unsymmetrical due to the strong background 
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Figure 6. Spectrum of Light Scattereo by Liq„i:i Naphthalene at 85°C 
intensity from the central peak. The overlap of the intensities of 
the Brillouin peak and the central central peak made it difficult to 
resolve the two peaks accurately. A reasonable procedure to measure 
the intensity of the Brillouin peak as suggested by Pinnow et al. 1^ 
was to divide the Brillouin peak by drawing a vertical line from the 
tip to the base line of the polarized spectrum. The area covered by 
the half more distant from the central peak was taken as half of the 
intensity of the Brillouin peak. The intensity of the central peak 
was defined by the area covered by the peak and the horizontal line 
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connecting the two minima on both sides of the peak and multiplied by 
the amplification factor. The intensity ratios obtained by this 
approximate procedure seem to be accurate enough for the purpose of 
calculating activity coefficients. This method has the advantage of 
being simple and consistent. A typical Brillouin spectrum of the 
solution containing 19.5 mole % of dodecane and 80.5 mole % of 
naphthalene at 85°C is shown in Fig. 7. 
Refractive Index Measurements 
An Abbe-type precision refractometer made by the Bausch & Lomb 
Optical Co. was used to measure the refractive indices of solutions. 
The light source was the same laser used in the Brillouin scattering 
experiment. For measurements near room temperature, a Haake type-F 
thermoregulator provided the temperature control within ±0.1°C, and 
a thermometer in divisions of 0.1°C was used. Carbon tetrachloride was 
used as the washing liquid to clean the prisms of the r e f T a c t o m e t e r . 
For measurements at elevated temperatures, a Haake type-NBE thermo­
regulator provided the temperature control within ±0.05°C, and a 
thermometer in divisions of 0.05°C was used. 95% ethyl alcohol was 
used as the washing liquid in stead. It was necessary to insulate the 
refractometer by covering it with as much cotton or cloth as practically 
possible. During the measurement, the solution of dodecane + naphthalene 
was kept around 85°C by immersing the container in a glycerol bath on a 
hot plate with an adjustable temperature control. Disposable droppers 
were used to transfer the sample from the container to the refractometer. 
Figure 7. Spectrum of Light Scattered by a Solution Composed of j 9.5* of D >dei^ne and 30.5% of 
Naphthalene by mole at 85 °C 
O N 
The refractive index was measured at approximately 2 degree 
intervals from 5 degrees above to 5 degrees below the temperature of 
interest. A plot of refractive index, n, versus temperature, T, 
produced a nearly straight line. The slope of the curve at the 
3n temperature of interest was taken as the value of - r r r , and then 
oT 
3 n 
smoothed by another plot of against mole fraction, X. To obtain 
values of the interpolated values of n at the temperature of 
interest were plotted against the corresponding mole fractions. The 
slopes of the curve at the concentrations of the solutions were take: 
and the values were then smoothed by another plot of -~=r versus X. 
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CHAPTER III 
EXPERIMENTAL RESULTS AND CALCULATIONS 
Definitions 
The following convention to define activity coefficient, y-, is 
adopted. 
y. •+ 1 as X. + 1 
•c A, 
where y- and X. are the activity coefficient and mole fraction of the 
A* 4, 
* 
4.-th component in a bonary solution. X. varies from 0 to 1. u- is 
function only of temperature and pressure and is equal to the Gibbs 
free energy per mole of the 4.-th component in its pure state at the 
same temperature and pressure as the solution under investigation. The 
excess Gibbs free energy per mole is defined by 
A solution will be said ideal if all of its components have the 
activity coefficients of unity. 
(1) Benzene + Toluene 
The system is known to obey Raoult's law closely over the 
( 3 3 ) 
RT(X 1lny 1 + X 2lny 2) ( 3 4 ) 
Systems Used for Studying the Intensity Ratio Coefficient A 
whole composition range. 28, 29 Both components have nearly equal 
29 
9n 
Authors J 
exp 
25 
Cummins and Gammon 0.84 ± 0.05 
34 
O'Connor and Schlupf 0.80 
Mash et al. 0.72 
Fabelinskii 3 7 0.98 ± 0.25 
38 
Toluene is a weakly relaxing liquid. Chiao and Fleury 
measured the hypersonic velocities and absorptions over a certain 
range of frequency at several scattering angles. They concluded a 
refractive indices, so is small. An approximate calculation given 
in Table 1 indicated that BKX^X^ was less than 0.001. Thus A was equal 
to J at all concentrations and was determined directly from experiments 
The hypersonic velocities were calculated at the temperatures of 
measurement and corrected to the values at 25°C. The results were 
plotted in Fig. 8. 
Benzene is a relaxing liquid. There have been controversies 
over the mechanism of relaxation in liquid benzene. Among those who 
30 
concluded a double relaxation process are Carome and Singal, Hunter 
31 32 33 
et al., Nichols et al., and Lucas et al. Those who believed that 
the thermal relaxation of vibrational degrees of freedom could be 
34 
described by a single relaxation time include O'Connor and Schlupf 
35 
and Sorem and Schawlow. The intensity ratio calculated from Eq. (14) 
is 0.79, compared with 0.89 obtained in this laboratory. Previous 
measurements of the intensity ratio, J , at 20°C are summarized as 
J
 exp. 
follows. 
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Authors J 
exp, 
25 
Cummins and Gammon 0.42 ± 0.03 
39 
Fabelinskii and Starunov 0.45 
40 
Lanshina et al. 0.42 
Rank et a l . 2 4 0.41 
The results of light scattering experiments and calculations are 
summarized in Table 1. A graphical comparison between the theoretical 
predictions and experimental results of A, denoted as A , and A 
pred. exp. 
respectively, is given in Fig. 9. The agreement is within the limit of 
experimental uncertainty. 
(2) B e n z e n e + E t h y l e n e D i c h l o r i d e 
The system has been regarded nearly ideal as it obeys Raoult's 
41 
law closely over the entire concentration range. From the vapor-
42 E 
liquid equilibrium study of Sieg et al., G is about 6 cal/mole for 
an equimolar mixture at 25°C. 
Ethylene dichloride is a weakly relaxing liquid. The predicted 
intensity ratio is 0.49, compared with 0.53 obtained in this laboratory. 
The results of Brillouin scattering experiments and calculations are 
summarized in Table 2. Again the agreement between A , and A is 
° ° pred. exp. 
within the normal experimental uncertainty. Fig. 10 and Fig. 11 show 
single relaxation frequency of 26.2 x 10 cps. The predicted intensity 
ratio is 0.39, compared with 0.43 obtained in this laboratory. Previous 
measurements of the intensity ratio at room temperature are summarized 
as follows. 
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Table 1. Benzene + Toluene at 25°C 
Part 1. 
Cp 
cal/mole°C 
* 
v oxl0~ 5 
cm/sec 
* 
a p x i o 3 
°c-1 
** 
n 
*** 
2A to 
a.; « • « 
0 37.58 a 1.306° 1.078 d 1.49057 0.6071 (24.7) 
0.2007 36.56 1.305 1.105 1.49135 0.6111 (24.5) 
0.4002 35.55 1.304 1.133 1.49213 0.6201 (23.7) 
0.5960 34.56 1.303 1.160 1.49290 0.6369 (23.7) 
0.7977 33.54 1.302 1.187 • 1.49369 0.6517 (23.8) 
1 32.52 b 1.301° 1.215 d 1.49448 0.6704 (24.1) 
* Additivity with respect to mole fraction was assumed. 
** Measured in this laboratory at 6328A and 25°C. 
*** The ratios of Brillouin shift to free spectral range were measured 
by Keith Harrison at the temperatures specified in the parentheses. 
a D. W. Scott, G. B. Guthrie, J. F. Messerly, S. S. Todd, W. T. Berg, 
I. A. Hossenlopp, and J. P. McCullough, J. Phys. Chem., 66_, 911 (1962). 
b G. D. Oliver, M. Eaton, and H. M. Huffman, J. Am. Chem. S o c , 7£, 
1502 (1948). 
c E. B, Freyer, J. C. Hubbard, and D. H. Andrews, J. Am. Chem. S o c , 
51_, 759 (1929). 
d Calculated from the density data of J. L. Hales and R. Townsend , 
J. Chem. Thermo., 4, 763 (1972). 
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T a b l e 1 . B e n z e n e + T o l u e n e a t 25°C 
P a r t 2 . 
(Y - 1) 
* 
v x i o " " 5 
c m / s e c 
B - w
xl
°
4 
K * 1 0 3 
0 0 . 3 4 6 1 . 3 2 8 0 . 3 5 8 5 . 5 1 1 0 . 7 
0 . 2 0 0 7 0 . 3 6 2 1 . 3 3 6 0 . 3 7 9 5 . 6 7 9 . 8 
0 . 4 0 0 2 0 . 3 7 9 1 . 3 5 0 0 . 4 0 6 5 . 8 4 9 . 0 
0 . 5 9 6 0 0 . 3 9 5 1 . 3 7 3 0 . 4 3 9 6 . 0 0 8 . 3 
0 . 7 9 7 7 0 . 4 1 1 1 . 4 0 8 0 . 4 8 1 6 . 1 7 7 . 6 
1 0 . 4 2 8 1 . 4 5 3 0 . 5 3 4 6 . 3 3 6 . 9 
* C a l c u l a t e d f r o m t h e d a t a o f P a r t 1 . 
* * The d i f f e r e n c e o f t h e r e f r a c t i v e i n d i c e s o f t h e two p u r e c o m p o n e n t s 
w a s t a k e n a s _3n t o c a l c u l a t e K f o r a l l s o l u t i o n s a s a n a p p r o x i m a t i o n . 
ax 
P a r t 3 . 
KBX X X 2 J 
e x p . \ > r e d . 
A 
e x p . 
0 0 0 . 4 3 5 0 . 3 9 2 0 . 4 3 5 
0 . 2 0 0 7 0 . 0 0 0 6 0 . 4 5 4 0 . 4 2 7 0 . 4 5 3 
0 . 4 0 0 2 0 . 0 0 0 9 0 . 5 0 3 0 . 4 7 8 0 . 5 0 2 
0 . 5 9 6 0 0 . 0 0 0 9 0 . 5 5 7 0 . 5 4 9 0 . 5 5 6 
0 . 7 9 7 7 0 . 0 0 0 6 0 . 6 9 8 0 . 6 5 0 0 . 6 9 7 
1 0 0 . 8 8 4 0 . 7 8 1 0 . 8 8 4 
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T a b l e 2 . B e n z e n e + E t h y l e n e D i c h l o r i d e . a t 2 5°C 
P a r t 1 . 
X c 6 H 6 
** 
Cp 
c a l / m o l e ^ C 
* 
v o X l O " 5 
c m / s e c 
** 
( Y - 1) 
A a>B 
A 0 ) P n 
0 3 0 . 7 4 a 1 . 1 9 4 a 0 . 4 4 2 a 0 . 2 6 8 0 1 . 4 4 0 0 6 
0 . 1 8 3 5 3 0 . 9 1 1 . 2 0 2 0 . 4 2 9 0 . 2 7 5 2 1 . 4 4 9 3 2 
0 . 3 7 2 0 3 1 . 1 6 1 . 2 1 5 0 . 4 2 1 0 . 2 8 4 1 1 . 4 5 9 2 7 
0 . 5 7 3 0 3 1 . 4 7 1 . 2 3 6 0 . 4 1 7 0 . 2 9 7 8 1 . 4 7 0 0 5 
0 . 7 8 1 0 3 1 . 9 3 1 . 2 6 4 0 . 4 1 9 0 . 3 1 3 7 1 . 4 8 1 4 3 
* 
1 
3 2 . 5 2 1 . 3 0 1 0 . 4 2 8 0 . 3 3 2 8 1 . 4 9 4 4 8 
* F o r d a t a s o u r c e s o f b e n z e n e , s e e P a r t 1 o f T a b l e 1 . 
* * C a l c u l a t e d f r o m t h e d a t a o f e x c e s s q u a n t i t i e s g i v e n by G. H. 
F I n d e n e g g and F . K o h l e r , T r a n s . F a r a d a y S o c , 6 3 , 8 7 0 ( 1 9 6 7 ) . 
* * * M e a s u r e d i n t h i s l a b o r a t o r y a t 6 3 2 8 A and 2 5 ° C . 
a E . W i l h e l m , R. S c h a n o , G. B e c k e r , G. H. F i n d e n e g g , and F . K o h l e r , 
T r a n s . F a r a d a y S o c , 65^, 1443 ( 1 9 6 9 ) . 
T a b l e 2 . B e n z e n e + E t h y l e n e D i c h l o r i d e a t 25°C 
P a r t 2 . 
v x i o ' 5 
c m / s e c 
3T i U 
- ^ x l O 2 B K 
0 1 . 2 1 5 5 . 2 5 5 . 1 2 0 , 4 5 8 1 . 6 5 5 
0 . 1 8 3 5 1 . 2 3 9 5 . 3 3 5 . 1 8 0 . 4 5 6 1 . 6 5 3 
0 . 3 7 2 0 1 . 2 7 2 5 . 4 0 5 . 2 7 0 . 4 6 1 1 . 6 8 0 
0 . 5 7 3 0 1 . 3 2 0 5 . 5 7 5 . 4 2 0 . 4 7 6 1 . 6 8 7 
0 . 7 8 1 0 1 . 3 8 2 5 . 8 3 5 . 7 2 0 . 5 0 1 1 . 7 4 0 
1 1 . 4 5 3 6 . 3 3 6 . 4 0 0 . 5 3 4 1 . 8 8 2 
P a r t 3 . 
J 
e x p . 
K B X 1 X 2 p r e d . A e x p . 
0 0 . 5 2 8 0 0 . 4 9 3 0 . 5 2 8 
0 . 1 8 3 5 0 . 6 7 4 0 . 1 1 3 0 . 5 1 8 0 . 5 6 1 
0 . 3 7 2 0 0 . 7 5 8 0 . 1 8 1 0 . 5 5 7 0 . 5 7 7 
0 . 5 7 3 0 0 . 8 1 8 0 . 1 9 6 0 . 6 1 6 0 . 6 2 2 
0 . 7 8 1 0 0 . 8 5 9 0 . 1 4 9 0 . 6 9 6 0 . 7 1 0 
1 0 . 8 8 4 0 0 . 7 8 1 0 . 8 8 4 
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3 9 
r e s p e c t i v e l y t h e p l o t s o f s o u n d v e l o c i t y a n d A a g a i n s t m o l e f r a c t i o n . 
( 3 ) T o l u e n e + E t h y l e n e D i c h l o r i d e 
The v a p o r - l i q u i d e q u i l i b r i a o f t h e s y s t e m w e r e s t u d i e d b y 
43 4 4 45 J o n e s e t a l . , C o l b u r n e t a l . , a n d A l p e r t a n d E l v i n g , who a l l 
r e p o r t e d t h a t R a o u l t ' s l a w w a s c l o s e l y o b e y e d . S i n c e b o t h c o m p o n e n t s 
a r e r e l a t i v e l y n o n - r e l a x i n g , t h e s y s t e m r e p r e s e n t s t h e c a s e w h e r e A , 
B , a n d ( y - 1 ) d o n o t d i f f e r v e r y much i n m a g n i t u d e f r o m o n e a n o t h e r . 
The r e s u l t s o f t h e B r i l l o u i n s c a t t e r i n g e x p e r i m e n t s a n d c a l c u l a t i o n s 
a r e s u m m a r i z e d i n T a b l e 3 . The p l o t s o f v e l o c i t y o f s o u n d a n d A 
v e r s u s c o n c e n t r a t i o n i n m o l e f r a c t i o n a r e g i v e n i n F i g . 12 a n d F i g , 13 
r e s p e c t i v e l y . 
( 4 ) A c e t o n e + C h l o r o f o r m 
T h e s y s t e m h a s r e c e i v e d c o n t i n u o u s i n t e r e s t b y a l a r g e n u m b e r 
o f r e s e a r c h e r s . N u m e r o u s r e p o r t s i n t h e l i t e r a t u r e p r o v i d e d f a i r l y 
c o n c l u s i v e e v i d e n c e s t h a t m o l e c u l a r a s s o c i a t i o n s i n t h e f o r m o f 
h y d r o g e n b o n d i n g a n d n e g a t i v e d e v i a t i o n f r o m R a o u l t ' s l a w w e r e t h e 
e s s e n t i a l n a t u r e o f t h e n o n - i d e a l i t y o f t h e s y s t e m . The h e a t o f 
m i x i n g a t 2 5 ° C i s p o s i t i v e , a n d t h e maximum i s a b o u t 4 7 0 c a l / m o l e 
4 6 47 
n e a r 52 m o l e % c h l o r o f o r m . ' The maximum e x c e s s G i b b s f r e e e n e r g y 
o c c u r s r o u g h l y a t t h i s c o n c e n t r a t i o n , a n d i s a b o u t 150 c a l / m o l e a t 
2 5 ° C . 4 7 ' 4 8 ' 5 1 The u l t r a s o n i c v e l o c i t i e s w e r e d e t e r m i n e d b y P a r s h a d 4 9 
a t 2 7 . 5 ° C a n d b y V e n k a t e s w a r l u a n d B h a m a m b a l " ^ a t 3 0 ° C . O n l y t h e e x c e s s 
q u a n t i t i e s o f t h e u l t r a s o n i c v e l o c i t i e s f r o m t h e s e d a t a w e r e u s e d t o 
p l o t F i g . 1 5 . The c o n c e n t r a t i o n d e r i v a t i v e s o f c h e m i c a l p o t e n t i a l 
w e r e c a l c u l a t e d f r o m t h e d a t a o f C a m p b e l l e t a l . ^ 1 
4 0 
T a b l e 3 . T o l u e n e + E t h y l e n e D i c h l o r i d e a t 25°C 
P a r t 1 . 
X C 2 H 4 C 1 2 
* 
Cp 
c a l / m o l e ° C 
** 
v * x l o 5 
c m / s e c 
** 
cy<io3 A U b 
A o ) p U °c)h 
oa 3 7 . 5 8 1 . 3 0 6 1 . 0 7 8 1 . 4 9 0 5 7 0 . 3 1 9 7 ( 2 3 . 4 ) 
0 . 2 5 1 6 3 5 . 2 1 1 . 2 6 7 1 . 0 9 5 1 . 4 7 9 1 3 0 . 3 0 7 7 ( 2 3 . 6 ) 
0 . 4 7 2 8 3 4 . 0 8 1 . 2 3 7 1 . 1 1 2 1 . 4 6 8 4 2 0 . 2 9 8 3 ( 2 3 . 8 ) 
0 . 6 6 8 6 3 3 . 3 2 1 . 2 1 5 1 . 1 2 9 1 . 4 5 8 4 6 0 . 2 9 1 2 ( 2 3 . 9 ) 
0 . 8 4 3 3 3 2 . 3 8 1 . 2 0 1 1 . 1 4 6 1 . 4 4 8 9 5 0 . 2 8 8 1 ( 2 3 . 9 ) 
l a 3 0 . 7 4 1 . 1 9 4 1 . 1 6 3 1 . 4 4 0 0 6 0 . 2 8 2 2 ( 2 3 . 5 ) 
* H. T s c h a m l e r , M o n a t s h . , 79^, 4 9 9 ( 1 9 4 8 ) . Cp f r o m t h e d a t a was u s e d t o 
c a l c u l a t e Cp a t e a c h c o n c e n t r a t i o n h e r e . 
* * C a l c u l a t e d f r o m t h e d a t a o f 0 . K i y o h a r a and K. A r a k a w a , B u l l . Chem. 
S o c . J a p . , 4 3 , 3 0 3 7 ( 1 9 7 0 ) . 
* * * M e a s u r e d i n t h i s l a b o r a t o r y a t 6 3 2 8 A and 25°C. 
a For d a t a s o u r c e s o f p u r e c o m p o n e n t s , s e e T a b l e s 1 and 2 . 
b T e m p e r a t u r e a t w h i c h t h e r a t i o o f B r i l l o u i n s h i f t t o f r e e s p e c t r a l 
r a n g e was m e a s u r e d . 
Table 3. Toluene + Ethylene Dichloride at 25°C 
Part 2. 
X
W 1 2 
* 
v*10 5 
cm/sec 
* 
(Y - 1) B 
- i x i ° 2 
- ^ < 1 0 4 
0 1.328 0.346 0.358 4.43 5.51 
0.2516 1.290 0.365 0.379 4.70 5.42 
0.4728 1.261 0.377 0.392 4.98 5.36 
0.6686 1.241 0.390 0.406 5.27 5.31 
0.8433 1.226 0.408 0.425 5.56 5.28 
1 1.215 0.442 0.458 5.85 5.25 
* Calculated from the data of Part 1. 
Part 3. 
X c 2 H 4 C 1 2 
J 
exp. 
K KBX XX 2 A
 A 
pred. 
A 
exp. 
0 0.435 1.376 0 0.392 0.435 
0.2516 0.544 1.498 0.107 0.416 0.437 
0.4728 0.606 1.666 0.163 0.431 0.443 
0.6686 0.643 1.857 0.167 0.449 0.476 
0.8433 0.618 2.035 0.114 0.468 0.504 
1 0.528 2.161 0 0.493 0.528 
F i g u r e 1 2 . V e l o c i t y o f Sound V e r s u s C o n c e n t r a t i o n f o r 
T o l u e n e + E t h y l e n e D i c h l o r i d e a t 25°C 4 S 
0.60 
0.40 
0.20 
V4C12 
Figure 13. A . and A Versus Concentration for prea. exp. 
Toluene + Ethylene Dichloride at 25"c 
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26 
Acetone is a typical non-relaxing liquid. Eastman et al. 
studied the dispersion of sound velocity by the method of Brillouin 
scattering and found none. A similar study was also reported by 
52 
Tiganov who concluded that within the limits of experimental 
accuracy, no dispersion of sound velocity was observed in acetone. 
Thus the intensity ratio should follow the Landau-Placzek formula. 
The value of (y - 1) of acetone is 0.39 at 25°C. The experimental value 
52 
of the intensity ratio obtained is this laboratory is 0.45. Tiganov 
reported his experimental value of the intensity ratio, 0.40 ± 0.05 
at 20°C, and Lanshina et a l . ^ reported 0.40 at 22°C. Both results are 
25 
in fair agreement with the theory. Cummins and Gammon and Rank et 
24 o 
al. reported 0.44 at 20 C, which is on the higher side. 
Chloroform is a relaxing liquid. The relaxation time, according 
to Herzfeld's calculations ,~*3 was 1.3 x 10 ^ sec. Borchi et al."*4 
investigated the relaxation processes in liquid chloroform using the 
technique of stimulated Brillouin scattering. Based on the theory 
developed by Tanczos,"*"* they found two relaxation times of significant 
magnitude. At 30°C, the relaxation time referring to the energy 
exchange of the vibrational mode 1 (kx>^ = 260 cm with the external 
degrees of freedom was 2.9 x 10 ^ sec, and the relaxation time 
referring to the energy exchange between mode 1 and mode 2 (hx^ = 365 
cm was 2.5 x 10 ^ sec. The value of the intensity ratio of 
chloroform at 25°C predicted by Eq. (14) is 0.64, which is in good 
agreement with the experimental value of 0.66 obtained in this 
39 
laboratory. Fabelinskii and Starunov reported 0.58 from their 
measurements at 20°C. 
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Because the refractive indices of the two components don't 
differ much, this system again provides a test of predicted values of 
A. The summarized calculations are given in Tabic 4. Fig. 14 was 
plotted from the calculations based on the data of Campbell et al.^ 1 
31ny2 
in order to estimate —rrn—. The agreement between the theoretical 
prediction and the experimental result, as shown by the plot of A p r e ( j 
and A g vs. X in Fig. 16, is considered satisfactory. 
Systems Used for Testing the Method To Obtain Activity Coefficients 
(1) Acetone + Carbon Disulfide 
This system is known to show marked positive deviation from 
Raoult's law. At sufficiently low temperature, phase separation takes 
56 
place. Campbell et al. found that at -73°C, the system began to form 
a partially miscible liquid pair. Staveley et al."^ reported that 
below -51.4°C, the two components were no longer completely miscible. 
Several studies regarding the vapor-liquid equilibrium have been 
reported in the literature. The excess Gibbs free energies of an 
equimolar mixture calculated from the various data of partial vapor 
pressure are compared in the following. 
E o Author G (cal/mole) Temperature °C 
Zawidzki 5 8 245 35.17 
Michaud 5 9 235 24.78 
Hirschberg 6 0 257 29.2 
Campbell et a l . 6 1 236 25 
Carbon disulfide exhibits anomalous absorption of ultrasonic 
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Table 4. Acetone + Chloroform at 25fl C 
Part 1. 
X C H C 1 3 
* 
Cp 
cal/mole°C 
* 
a pxio 3 V o X l 0 ~ 5 
cm/sec 
** 
' amy* 
n 
0 30.33 a 1.449 b 1.168° 1.415 0.2519 1.3542 
0.2004 30.59 1.428 1.086 1.209 0.2390 1.3736 
0.4006 30.63 1.351 1.039 0.983 0.2330 1.3920 
0.5006 30.49 1.329 1.023 0.864 0.2336 1.4009 
0.6007 30.16 1.312 1.010 0.736 0.2333 1.4094 
0.8004 29.21 1.292 0.994 0.468 0.2350 1.4253 
1 28.03 d 1.286 d 0.984° 0.191 1.4404 
* Calculated from the data of L. A. K. Staveley, W. I. Tupman, and 
K. R. Hart, Trans. Faraday Soc 51_, 323 (1955). Excess quantities 
were used. 
** R. Parshad, Indian J. Phys., ^6, 307 (1942) . 
# Calculated from the data of A. N. Campbell, E. M. Kartzmark, and R. M. 
Chatterjee, Can. J. Chem., 44, 1183 (1966). The subscript 2 refers to 
CHC1 3. 
## Measured in this laboratory at 6328 A and 25°C. 
a Average value from the reference in Footnote * and D. I. R. Low and 
E. A. Moelwyn-Hughes, Royal Soc. London. Proc. A, 267, 384 (1962). 
b From the reference in Footnote *. 
c W. Schaaffs and F. B. Shenoda, Acustica, 23^ , 38 (1970). 
d E. B. Freyer, J. C. Hubbard, and D. H, Andrews, J. Am. Chem. S o c , 
51, 759 (1929). 
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Table 4. Acetone + Chloroform at 25 °C 
Part 2. 
XCHC1 3 (Y " 1) 
vxlO 5 
cm/sec 
* 
B I>2 3T i U K 
0 0.391 1.168 a 0.391 10.18 5.02 7.061 
0.2004 0.394 1.092 0.398 9.55 5.28 5.665 
0.4006 0.379 1.051 0.388 8.92 5.49 4.578 
0.5006 0.383 1.044 0.401 8.61 5.60 4.080 
0.6007 0.394 1.040 0.418 8.29 5.71 3.599 
0.8004 0.431 1.035 0.467 7.68 5.92 2.783 
1 0.486 1.034a 0.537 7.05 6.14 2.092 
* Calculated . from the data of Part 1. 
a Acetone was used as a standard which hypersonic velocity was equal to 
the ultrasonic velocity. 
Table 4. Acetone + Chloroform at 25°C 
Part 3. 
X C H C 1 3 
BKX L 
81ny 2X 2 
ax2 
J 
exp. 
Jideal ^pred . A 
exp. 
0 0 0.450 0.391 0.391 0.450 
0.2004 0.291 0.748 0.771 0.409 0.457 
0.4006 0.306 0.717 0.837 0.411 0.411 
0.5006 0.284 0.707 0.858 0.440 0.423 
0.6007 0.250 0.687 0.839 0.478 0.437 
0.8004 0.151 0.655 0.759 0.551 0.504 
1 0 0.655 0.641 0.641 0.655 
49 
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waves and has been thoroughly studied in this aspect by Andreae, 
62 63 
Heasell and Lamb. ' They concluded that the relaxation of the 
total vibrational specific heat could be described by a single 
relaxation time, and at frequencies well above the relaxation region 
the sound absorption could be attributed to shear viscosity. This 
conclusion was recently confirmed in good agreement with the results 
64 
of the Brillouin scattering study made by Gewurtz et al. Since the 
g 
relaxation frequency of carbon disulfide is below 10 cps, its 
hypersonic velocity is virtually independent of frequency and can be 
set equal to that of infinite frequency. Therefore the theoretical 
intensity ratio of carbon disulfide at 25°C is 
I r Cp - Cr 
J = = 1 = ° - 8 2 8 
B Cv - Cr 
where Cr is 3.92 cal/mole°C,^ 4 Cp is 18.18 cal/mole°C,^ and y is 
1.551. The experimental values of the intensity ratio that have been 
75 24 
reported include 0.81 ± 0.05 by Gewurtz et al., 0.77 by Rank et al., 
25 
and 0.71 ± 0.04 by Cummins and Gammon. The average is 0.76 ± 0.05. 
The lower bound of the average was obtained consistently in this 
laboratory under the present experimental arrangement. 
A summary of calculations is given in Table 5. The resulting 
excess Gibbs free energies are in good agreement with those obtained 
from vapor pressure data. The concentration dependences of the velocity 
of sound, intensity ratio coefficients, (y - 1), derivative of 
activity coefficient, and excess Gibbs free energy are shown in Fig. 
17 - 20. 
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Table 5. Acetone + Carbon Disulfide at 25°C 
Part 1. 
xcs2 
Cp 
** 
apxlo3 V o x l 0 ~ 5 2A u B n 
cal/mole°C cm/sec A coF 
od 30.33 1.449 1.168 0.4836 1.3542 
0.1994 28.32 1.434 1.141 0.4870 1.3950 
0.4001 26.24 1.408 1.120 0.4968 1.4400 
0.5004 25.11 1.389 1.112 0.5034 1.4644 
0.5989 23.93 1.369 1.108 0.4963 1.4900 
0.8003 21.24 1.297 1.114 0.5429 1.5470 
0.8818 20.03 1.258 1.122 0.5663 1.5740 
1 18.18 a 1.190 b 1.142° 0.6103 1.6170 
* L. A. K. Staveley, W. I. Tupman and K. R. Hart , Trans. Faraday Soc., 
5±9 323 (1955). Excess quantities were used. 
** Calculated from the density data of H. Loiseleur, J. C . Merlin, and 
R. A. Paris, J. Chim. Phys., (v4, 634 (1967). 
*** K. S. Rao and B. R. Rao, J. Sci . Ind. Res., 18B, 223 (1959) and K. 
Venkateswarlu and P. Bhamambal, Bull. Roy. Soc. Liege , 35., 327 ( 
1966). Excess quantities were used. 
// Measured in this laboratory at 6328 A and 25°C 
a 0. L. I. Brown and G. G. Manov, J. Am. Chem. S o c , 59^ , 500 (1937). 
b Estimated from the density data from J. Timmermans, "Physico-Chemical 
Constants of Pure Organic Compounds", Elsevier Publishing Co., New York^ 
1950. 
c E. B. Freyer, J. C. Hubbard, and D. H. Andrews, J. Am. Chem. S o c , 51, 
759 (1929). 
d For data sources of pure acetone, see Table 4. 
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Table 5. Acetone + Carbon 
Part 2. 
Disulfide at 25°C 
xcs 2 
* 
(y - 1) 
vxlO" 5 
cm/sec A B 
9n 
3X 
9T <10
4 
0 0.391 1.168 0.391 0.391 0.2032 5.02 
0.1994 0.416 1.141 0.416 0.416 0.2090 5.83 
0.4001 0.441 1.121 0.444 0.442 0.2260 6.51 
0.5004 0.454 1 117 0.467 0.458 0.2410 6.79 
0.5989 0.472 1.119 0.501 0.481 0.2606 7.05 
0.8003 0.508 1.145 0.593 0.537 0.3202 7.50 
0.8818 0.525 1.172 0.663 0.573 0.3540 7.65 
1 0.551 1.231 0.802 0.640 0.4145 7.84 
* Calculated from the data of Part 1. 
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T a b l e 5 . A c e t o n e + Carbon D i s u l f i d e a t 25°C 
P a r t 3 . 
*cs 2 
K 
* 
i d e a l 
J 
e x p . 
KBX X X 2 
J - A 
3 1 n y 1 
" 3X X 
B l n Y 2 
" 3 X 2 
0 2 8 . 1 7 0 . 3 9 1 0 . 4 6 2 0 
0 . 1 9 9 4 2 0 . 6 1 1 . 7 8 3 2 . 7 7 8 0 . 5 7 8 7 0 . 5 2 6 2 . 1 1 0 
0 . 4 0 0 1 1 7 . 9 1 2 . 3 4 3 6 . 1 6 8 0 . 3 3 1 8 1 . 1 1 4 1 . 6 7 0 
0 . 5 0 0 4 1 7 . 9 1 2 . 5 1 8 8 . 8 5 4 0 . 2 4 4 5 1 . 5 1 2 1 . 5 1 0 
0 . 5 9 8 9 1 8 . 5 1 2 . 6 4 2 9 . 6 4 3 0 . 2 3 4 2 1 . 9 0 9 1 . 2 7 9 
0 . 8 0 0 3 2 1 . 9 5 2 . 4 1 4 7 . 4 4 1 0 . 2 7 4 9 3 . 6 3 1 0 . 9 0 6 
0 . 8 8 1 8 2 4 . 2 8 2 . 1 1 3 3 . 4 8 3 0 . 5 1 4 1 4 . 1 1 1 0 . 5 5 1 
1 2 8 . 7 5 0 . 8 0 2 0 . 7 1 4 0 
* Defined in Eq. (18) . 
T a b l e 5 . A c e t o n e + Carbon D i s u l f i d e a t 25°C 
P a r t 4 . 
i n y 2 
E 
x c s 2 
l n y 1 G 
0 0 1 0 
0 . 1 0 . 0 1 3 0 1 . 0 1 3 1 . 2 1 8 8 3 . 3 8 3 7 9 . 1 
0 . 2 0 . 0 5 2 5 1 . 0 5 4 0 . 9 9 1 3 2 . 6 9 5 1 4 2 . 3 
0 . 3 0 . 1 1 9 3 1 . 1 2 7 0 . 7 9 2 4 2 . 2 0 9 1 9 0 . 3 
0 . 4 0 . 2 1 5 3 1 . 2 4 0 0 . 6 1 5 5 1 . 8 5 1 2 2 2 . 4 
0 . 5 0 . 3 4 6 5 1 . 4 1 4 0 . 4 5 6 5 1 . 5 7 9 2 3 7 . 9 
0 . 6 0 . 5 2 1 5 1 . 6 8 5 0 . 3 1 4 2 1 . 3 6 9 2 3 5 . 3 
0 . 7 0 . 7 5 2 7 2 . 1 2 3 0 . 1 9 0 8 1 . 2 1 0 2 1 2 . 9 
0 . 8 1 . 0 5 4 1 2 . 8 6 9 0 . 0 9 1 1 1 . 0 9 5 1 6 8 . 1 
0 . 9 1 . 4 3 7 8 4 . 2 1 1 0 . 0 2 4 0 1 . 0 2 4 9 8 . 0 
1 . 0 0 1 0 
F i g u r e 1 7 . V e l o c i t y o f Sound V e r s u s C o n c e n t r a t i o n f o r A c e t o n e + Carbon D i s u l f i d e a t 2 5 ° 
1.0 
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Figure 20. Excess Gibbs Free Energy Versus Concentration 
for Acetone + Carbon Disulfide at 25°C 
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( 2 ) B e n z e n e + M e t h a n o l 
The s y s t e m i s n o t e d f o r i t s marked p o s i t i v e d e v i a t i o n f r o m 
R a o u l t ' s l a w . F o r a n e q u i m o l a r m i x t u r e a t 25°C, t h e e x c e s s G i b b s f r e e 
e n e r g y i s 3 0 1 c a l / m o l e f r o m t h e v a p o r p r e s s u r e m e a s u r e m e n t s o f 
66 67 68 S c a t c h a r d e t a l . and Brown e t a l . Coumou e t a l . s t u d i e d t h e 
s y s t e m by t h e method o f i s o t r o p i c l i g h t s c a t t e r i n g . They w e r e a b l e t o 
d e d u c e a c t i v i t y c o e f f i c i e n t s f r o m t h e i s o t r o p i c p a r t o f t h e R a y l e i g h 
s c a t t e r i n g f a c t o r , w h i c h c o n s i s t e d o f t h e s c a t t e r i n g d u e t o d e n s i t y 
and c o m p o s i t i o n f l u c t u a t i o n s . T h e i r r e s u l t s a p p e a r t o g i v e l o w e r v a l u e s 
o f e x c e s s G i b b s f r e e e n e r g y t h a n t h o s e f r o m t h e v a p o r p r e s s u r e m e a s u r e ­
m e n t s . R e c e n t l y C l e v e r e t a l . ^ ' ^ r e s t u d i e d t h e s y s t e m , u s i n g t h e same 
t e c h n i q u e b u t t a k i n g i n t o a c c o u n t t h a t d e n s i t y and c o m p o s i t i o n 
f l u c t u a t i o n s w e r e n o t e n t i r e l y i n d e p e n d e n t s t a t i s t i c a l l y . They o b t a i n e d 
i m p r p v e d r e s u l t s , b u t s t i l l t h e e x c e s s G i b b s f r e e e n e r g i e s w e r e some 
4% l o w e r t h a n t h o s e f rom t h e v a p o r p r e s s u r e m e a s u r e m e n t s , and i n d i l u t e 
s o l u t i o n s , t h e d i f f e r e n c e s a p p r o a c h e d 10% o r h i g h e r . As p o s s i b l e 
s o u r c e s p f e r r o r t h e y g a v e t h e r e l i a b i l i t y o f t h e Cabannes r e l a t i o n 
a s a p p l i e d t o d e n s e m e d i a and s e v e r a l e x p e r i m e n t a l u n c e r t a i n t i e s . For 
t h e e q u i m o l a r m i x t u r e a t 2 5 ° C , t h e e x c e s s G i b b s f r e e e n e r g y f rom t h e i r 
m e a s u r e m e n t s was 2 8 9 c a l / m o l e . The c a l o r i m e t r i c m e a s u r e m e n t s o f h e a t 
o f m i x i n g f o r t h e s y s t e m h a v e b e e n r e p o r t e d by numerous a u t h o r s , and 
Mrazek e t a l . 7 * summed up a g r a p h i c a l c o m p a r i s o n o f v a r i o u s d a t a and 
showed t h a t t h e maximum o c c u r r e d a t a b o u t 0 . 3 m o l e f r a c t i o n o f m e t h a n o l 
and was 1 7 1 . 5 c a l / m o l e a t 25°C f r o m t h e i r m e a s u r e m e n t . The v o l u m e 
c h a n g e o f m i x i n g i s p o s i t i v e a t l o w c o n c e n t r a t i o n o f m e t h a n o l , b u t 
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changes sign near the equimolar composition. The system has a 
minimum-boiling azeotrope at the composition of 61.4 mole % of methanol 
73 
under the atmospheric pressure. 
Methanol is reportedly a non-relaxing liquid. The average 
intensity ratio obtained in this laboratory is 0.26. Cummins and 
25 
Gammon reported an experimental value of 0.26 ± 0.01. The (y - 1) 
of methanol is 0.21. There appears to be some discrepancy between the 
experimental value of the intensity ratio and the theoretical Landau-
Placzek ratio for the non-relaxing liquid. The hypersonic velocity data 
38 
reported by Chiao and Fleury indicated that very little change in 
74 
sound velocity was observed due to frequency change. Benedek et al. 
obtained a hypersonic velocity slightly smaller than the ultrasonic 
velocity. It is possible that the experimental uncertainty normally 
associated with the measurement of hypersonic velocity is enough to 
account for some of the discrepancy. 
The summary of experimental results and calculations is given 
in Table 6. The excess Gibbs free energies calculated by the present 
method agree very well with those obtained from the vapor pressure 
data. The concentration dependences of the sound velocity, intensity 
ratio coefficients, ( y - 1), derivative of activity coefficient, and 
excess Gibbs free energy are shown in Figs. 21 - 24. 
To extend the generality of the method, it is desirable to 
examine some of the problem that one would encounter in searching for 
the required subsidiary data. One obvious fact is that ( y - 1) is 
either difficult to estimate or simply unavailable. This is particularly 
true for solutions. For pure components, this quantity perhaps can be 
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Table 6. Benzene + Methanol at 25°C 
Part 1. 
X C H 3 O H 
Cp 
cal/mole°C 
** 
a xio 3 
V1 
*** 
voxio" 5 
cm/sec 
(y - i) //// n 
o d 32.52 1.215 1.301 0.428 1.49448 
0.1 32.44 1.200 1.285 0.384 1.48714 
0.2 32.25 1.189 1.270 0.347 1.47703 
0.4 31.34 1.175 1.237 0.287 1.45439 
0.5 30.59 1.169 1.220 0.261 1.44062 
0.6 29.54 1.166 1.202 0.239 1.42473 
0.8 26.11 1.173 1.161 0.209 1.38414 
0.9 23.29 1.182 1.136 0.202 1.35768 
1.0 19.39 a 1.199 b 1.105° 0.207 1.32552 
* Calculated from the specific heat data of G. C, Williams, S. 
Rosenberg, and H. A. Rothenberg, Ind. Eng. Chem., 40, 1273 (1948). 
** Calculated from the density data of J. Ocon, G. Tojo, and L. 
Espada, An. Quim., 65, 735 (1969). The shape of curve was used. 
*** K. S. Rao and B. R. Rao, J. Sci. Ind. Res., 18B, 223 (1959) and 
K. Venkateswarlu and P. Bhamambal, Bull. Roy. Soc. Liege, 35, 
327 (1966). Excess quantities were used. 
# Calculated from the data on the left, 
## Measured in this laboratory at 6328 A and 25°C. 
a H. G. Carlson and E. F. Westrum, J. Chem. Phys., 54_, 1464 (1971). 
b Calculated from H. Harms, "Die Dichte Flussiger Und Fester Stoffe", 
F, Vieweg & Sohn, Braunschweig, 1943. 
c E. B. Freyer, J. C. Hubbard, and D. H, Andrews, J. Am, Chem. S o c , 
51_, 759 (1929) . * 
d For data sources of benzene, see Table 1. 
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T a b l e 6 . B e n z e n e + M e t h a n o l a t 25°C 
P a r t 2 . 
X CH o0H A to_ , 3X . 3 F c m / s e c 
0 1 . 4 5 3 0 . 7 8 1 0 . 5 3 4 0 . 0 7 3 0 6 . 3 3 
0 . 1 0 . 3 0 6 7 1 . 4 0 2 0 . 6 4 8 0 . 4 5 7 0 . 0 8 5 0 6 . 1 8 
0 . 2 0 . 2 8 9 3 1 . 3 5 4 0 . 5 3 1 . 0 . 3 9 4 0 . 0 9 8 2 6 . 0 3 
0 . 4 0 . 2 7 0 0 1 . 2 7 4 0 . 3 6 5 0 . 3 0 4 0 . 1 2 8 6 5 . 6 8 
0 . 5 0 . 2 6 0 5 1 . 2 4 1 0 . 3 0 5 0 . 2 7 0 0 . 1 4 8 0 5 . 4 8 
0 . 6 0 . 2 5 2 0 1 . 2 1 3 0 . 2 6 2 0 . 2 4 3 0 . 1 7 1 9 5 . 2 5 
0 . 8 0 . 2 3 4 8 1 . 1 6 5 0 . 2 1 7 0 . 2 1 0 0 . 2 4 4 5 4 . 7 1 
0 . 9 0 . 2 2 5 3 1 . 1 3 8 0 . 2 0 6 0 . 2 0 3 0 . 2 9 5 5 4 . 3 5 
1 . 0 0 . 2 1 3 7 1 . 1 0 6 0 . 2 0 9 0 . 2 0 7 0 . 3 5 0 0 3 . 9 1 
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T a b l e 6 . B e n z e n e + M e t h a n o l a t 25°C 
P a r t 3 . 
X CH 3 OH 
K 
^ i d e a l J e x p . 
KBX 1 X 2 
J - A 
3 l n Y 1 9 1 n Y 2 
"
 9 X 2 
0 2 . 4 5 0 . 7 8 1 0 . 8 4 9 0 
0 . 1 3 . 4 7 0 . 7 9 1 1 . 2 8 5 0 . 2 2 4 1 0 . 8 6 2 7 . 7 5 9 
0 . 2 4 . 4 8 0 . 8 3 6 3 . 3 1 0 0 . 1 0 9 8 1 . 1 1 3 4 . 4 5 1 
0 . 4 9 . 1 1 1 . 0 3 1 6 . 9 8 7 0 . 1 0 0 5 1 . 4 9 9 2 . 2 4 9 
0 . 5 1 2 . 6 5 1 . 1 5 9 7 . 3 1 2 0 . 1 2 2 0 1 . 7 5 6 1 . 7 5 6 
0 . 6 1 7 . 9 3 1 . 3 0 9 6 . 5 1 7 0 . 1 6 7 5 2 . 0 8 1 1 . 3 8 8 
0 . 8 3 9 . 9 0 1 . 5 6 1 3 . 3 9 5 0 . 4 2 2 8 2 . 8 8 6 0 . 7 2 2 
0 . 9 6 0 . 9 9 1 . 3 1 9 1 . 9 3 2 0 . 6 4 4 6 3 . 5 5 4 0 . 3 9 5 
1 . 0 8 7 . 9 6 0 . 2 0 9 0 . 2 6 5 0 
T a b l e 6 . B e n z e n e + M e t h a n o l a t 25°C 
P a r t 4 . 
XCH 3OH I n Yx I n Y 2 
G E 
0 0 1 0 
0 . 1 0 . 0 4 2 8 1 . 0 4 4 1 . 8 8 6 1 6 . 5 9 4 1 3 4 . 6 
0 . 2 0 . 1 4 1 2 1 . 1 5 2 1 . 2 7 8 6 3 . 5 9 2 2 1 8 . 4 
0 . 3 0 . 2 6 0 6 1 . 2 9 8 0 . 9 0 6 4 2 . 4 7 6 2 6 9 . 2 
0 . 4 0 . 3 9 9 5 1 . 4 9 1 0 . 6 4 4 0 1 . 9 0 4 2 9 4 . 6 
0 . 5 0 . 5 6 2 2 1 . 7 5 5 0 . 4 4 3 7 1 . 5 5 8 2 9 8 . 0 
0 . 6 0 . 7 5 4 1 2 . 1 2 6 0 . 2 8 6 5 1 . 3 3 2 2 8 0 . 5 
0 . 7 0 . 9 7 9 6 2 . 6 6 3 0 . 1 6 4 4 1 . 1 7 9 2 4 2 . 3 
0 . 8 1 . 2 4 5 4 3 . 4 7 4 0 . 0 7 5 6 1 . 0 7 9 1 8 3 . 4 
0 . 9 1 . 5 6 7 4 4 . 7 9 4 0 . 0 1 9 8 1 . 0 2 0 1 0 3 . 4 
1 . 0 0 1 0 
Figure 21. Velocity of Sound Versus Concentration 
for Benzene + Methanol at 25 C 
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1 1 1 f O Brilouin Scatering & Brown et al. 
p Scatchard 
XCH^OH 
Figure 24. Exces Gibs Fre Energy Versus Concentration for Benzene + Methanol at 25 C 
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estimated with not as much difficulty, because more data are often 
available, from which those parameters that are needed to calculated 
( y - 1) can be deduced. For example, thermal expansivity can be 
estimated from good density data or specific volume data by the 
approximation 
p p A T v A T ( 3 5 ) 
ave ave 
Ultrasonic velocity, if unavailable from the literature, may be 
estimated from the empirical formulas given by Schaaffs7"* on the 
basis of each element and bond grouping of the molecule. It is noted 
that for solutions, the ultrasonic velocities may be calculated from 
those of pure components through the use of some empirical formulas, 7^ 
such as Rao's rule or Wada's rule, which seem to have certain 
77 78 
thepretical significance. ' Heat capacity at constant pressure 
of a pure liquid has recently become predictable to the claimed accuracy 
of within ± 1 . 5 cal/mole°C in all cases, and in most instances to 
better than ± 1.0 cal/mole°C according to Shaw. 7^ His method is also 
based on each element and bond grouping of the molecule and is purely 
empirical. Thus it is possible to predict ( y - 1) of a pure liquid from 
empirical rules, but it is best to use experimental data so as to 
minimize error. Abundant measured values of ultrasonic velocities and 
heat capacities exist in the literature and the amount is ever increasing, 
The purpose of finding ( y - 1) for pure components is to have good 
estimations of A and B for solutions. Once the ( y - 1) for pure 
components are determined, it appears to be an acceptable approximation 
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to assume that (y - 1) is additive with respect to mole fraction for 
solutions. The evidences in many systems, ideal or non-ideal, indicates 
that the assumption is often closely followed in reality. How much 
error the assumption will introduce to the resulting activity coefficients 
is best found from actual calculations. The value of (y - 1) for an 
equimolar mixture of acetone + carbon disulfide at 25°C is 0.454. On 
the basis of the additivity assumption, it is 0.471, an increase of less 
than 4%. The system of benzene + methanol at 25°C provides a more severe 
test, because the curve of ( y ~ 1) vs. X shows a pronounced negative 
deviation from linearity. For an equimolar mixture of the system, the 
(y - 1) is 0.261 as opposed to 0.318 calculated from the assumption of 
linearity. Table 7 shows the recalculation of G based on this assumption. 
The results indicate that the excess Gibbs free energies are different 
by the percentages given in the last column of the table when compared 
with those from Table 6. For an equimolar mixture, the difference in the 
excess Gibbs free energies is 16.7 cal/mole or 5.6%. This is considered 
a normal error in view of the circumstance that the usual method of vapor 
pressure measurement often leads to the similar degree of uncertainty 
in the calculation of excess Gibbs energy The fact that the present 
method is insensitive to a few per cent of error in ( y - 1) is note­
worthy and may be explained readily. The essential formula to look at is 
9lny. BKX X 
x o x ^ • - 1 ( 1 9 ) 
4 
from which one calculates activity coefficients by integration, since 
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Table 7. Benzene + Methanol at 25°C 
Part 1. 
X CH 3 OH ( Y - D * A B 
K B X A 
J - A 
a i n Y j 9 1 n Y 2 
a x 2 
0 0 . 4 2 8 0 . 7 8 1 0 . 5 3 4 0 
0 . 1 0 . 4 0 6 0 . 6 7 4 0 . 4 8 3 0 . 2 4 7 0 0 . 8 3 7 7 . 5 3 0 
0 . 2 0 . 3 8 4 0 . 5 7 3 0 . 4 3 6 0 . 1 2 3 5 1 . 0 9 6 4 . 3 8 2 
0 . 4 0 . 3 4 0 0 . 4 2 1 0 . 3 6 1 0 . 1 2 0 1 1 . 4 6 7 2 . 2 0 0 
0 . 5 0 . 3 1 8 0 . 3 6 4 0 . 3 2 9 0 . 1 4 9 7 1 . 7 0 0 1 . 7 0 0 
0 . 6 0 . 2 9 5 0 . 3 1 9 0 . 3 0 0 0 . 2 0 8 6 1 . 9 7 9 1 . 3 1 9 
0 . 8 0 . 2 5 1 0 . 2 6 0 0 . 2 5 3 0 . 5 1 4 6 2 . 4 2 7 0 . 6 0 7 
0 . 9 0 . 2 2 9 0 . 2 3 3 0 . 2 3 0 0 . 7 4 2 4 2 . 5 7 6 0 . 2 8 6 
1 . 0 0 . 2 0 7 0 . 2 0 9 0 . 2 0 7 0 
* Linearity with respect to mole fraction is assumed 
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T a b l e 7 . B e n z e n e + M e t h a n o l a t 25°C 
P a r t 2 . 
I D i f f e r e i 
X CH 3 OH I n Yj_ \ I n Y2 G
E 
i n G E 
0 0 1 0 
0 . 1 0 . 0 4 1 8 1 . 0 4 3 1 . 8 2 4 8 6 . 2 0 2 1 3 0 . 4 - 3 . 1 
0 . 2 0 . 1 3 8 5 1 . 1 4 7 1 . 2 2 9 2 3 . 4 1 8 2 1 1 . 3 - 3 . 4 
0 . 3 0 . 2 5 6 6 1 . 2 9 3 0 . 8 5 6 6 2 . 3 5 5 2 5 8 . 6 - 3 . 9 
0 . 4 0 . 3 9 3 2 1 . 4 8 2 0 . 5 9 3 1 1 . 8 1 0 2 8 0 . 3 - 4 . 9 
0 . 5 0 . 5 5 1 6 1 . 7 3 6 0 . 3 9 8 1 1 . 4 8 9 2 8 1 . 3 - 5 . 6 
0 . 6 0 . 7 3 3 6 2 . 0 8 3 0 . 2 4 7 9 1 . 2 8 1 2 6 2 . 0 - 6 . 6 
0 . 7 0 . 9 4 0 3 2 . 5 6 1 0 . 1 3 6 0 1 . 1 4 6 2 2 3 . 5 - 6 . 6 
0 . 8 0 . 1 7 3 2 3 . 2 3 2 0 . 0 5 8 9 1 . 0 6 1 1 6 6 . 9 - 7 . 8 
0 . 9 1 . 4 2 5 2 4 . 1 5 9 0 . 0 1 4 3 1 . 0 1 4 9 2 . 1 - 1 0 . 9 
1 0 1 0 
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. _ . i s o n t h e o r d e r o f o . l i n t h e r e g i o n o f e q u i m o l a r c o n c e n t r a t i o n , J A
 ainy. 
and i t i s t h i s t e r m on w h i c h any e r r o r i n (y - 1) w i l l r e f l e c t , X . — — 
4. oX -
i s n o t g o i n g t o be much a f f e c t e d by t h e t e r m w h i c h i s o f t h e m a g n i t u d e 
o f o n l y a r e l a t i v e l y s m a l l f r a c t i o n . Thus t h e a s s u m p t i o n s h o u l d i n c u r 
BKX X X 2 
no s e r i o u s e r r o r a s l o n g a s t h e t e r m i s s m a l l . T h i s i s t r u e when 
t h e s o l u t i o n i s v e r y n o n - i d e a l . I n t h e d i l u t e s o l u t i o n r e g i o n w h e r e 
t h e d i f f e r e n c e b e t w e e n J and J , - i s n o t s o l a r g e , t h e c a l c u l a t i o n 
o f a c t i v i t y c o e f f i c i e n t w i l l b e a f f e c t e d by e r r o r s i n (y - 1) and J 
J J
 e x p . 
An a n a l y s i s o f t h i s s i t u a t i o n i s g i v e n i n t h e n e x t c h a p t e r . 
( 3 ) D o d e c a n e + N a p h t h a l e n e 
The s t u d y o f t h i s s y s t e m r e p r e s e n t s a f i r s t a t t e m p t t o f i n d 
a c t i v i t y c o e f f i c i e n t s by t h e method o f B r i l l o u i n s c a t t e r i n g u n d e r 
c o n d i t i o n s w h e r e t h e s t a n d a r d v a p o r c o m p o s i t i o n method i s n o t p r a c t i c a l . 
At 85°C, l i q u i d n a p h t h a l e n e and d o d e c a n e h a v e v a p o r p r e s s u r e s o f o n l y 
8 0 
9 and 7 mm Hg r e s p e c t i v e l y . Thus t h e p r e s s u r e r a n g e o f v a p o r - l i q u i d 
e q u i l i b r i u m o f t h e s y s t e m a t 85°C i s l o w e n o u g h t h a t i t i s d i f f i c u l t t o 
m e a s u r e v a p o r - p h a s e c o m p o s i t i o n w i t h a c c u r a c y . S i n c e t h e method o f 
B r i l l o u i n s c a t t e r i n g s e t s n o l i m i t a s t o how l o w t h e e q u i l i b r i u m v a p o r 
p r e s s u r e o f a l i q u i d s o l u t i o n may h a v e , i t b e c o m e s a p o t e n t i a l l y u s e f u l 
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t e c h n i q u e f o r n o n v o l a t i l e s o l u t i o n s . H o u s e r and Van W i n k l e and L y v e r s 
8 1 
and Van W i n k l e s t u d i e d t h e v a p o r - l i q u i d e q u i l i b r i u m o f t h e s y s t e m a t 
a b o u t 142°C and 100 mm Hg. T h e i r r e s u l t s i n d i c a t e p o s i t i v e d e v i a t i o n from 
R a o u l t ' s l a w f o r t h e s y s t e m and a n a z e o t r o p i c c o m p o s i t i o n a t 66 m o l e % 
n a p h t h a l e n e and 140 .2°C. The maximum e x c e s s G i b b s f r e e e n e r g y c a l c u l a t e d 
from t h e i r d a t a i s a b o u t 137 c a l / m o l e a t a b o u t 63 m o l e % n a p h t h a l e n e 
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and 140.3°C. The heat of mixing has not been measured. 
Dodecane is probably a non-relaxing liquid. From the experimental 
evidence that there is virtually no detectable sound velocity dispersion 
82 
in n-hexane and n-heptane, it can be deduced that the same applies 
to n-dodecane and perhaps other members of n-alkane homolog series. The 
intensity ratio at 85°C is 0.21 ± 0.02, compared with the (y - 1) being 
0.19. 
The melting point of naphthalene is about 80°C. The dispersion 
of sound velocity in liquid naphthalene at 85°C was studied by Shakhparonov 
83 
et al. who gave the values at both the low and high limits of frequency. 
The difference is substantial and indicates that naphthalene is a 
relaxing liquid. The intensity of its depolarized spectrum was retively 
strong, giving some additional uncertainty in determining the intensity 
ratio of the the Rayleigh peak to the Brillouin peaks. The experimental 
intensity ratio of liquid naphthalene at 85°C is 0.44 ± 0.06, compared 
with the predicted intensity ratio being 0.50, and the (y - 1) being 0.23. 
The major experimental difficulties for the present system were 
to obtain dust-free sample of liquid naphthalene and to align the optics 
when the operating temperature was considerably higher than the room 
temperature. The use of Millipore filters (MF-Millipore 0.22u and 
Solvinert 0.5u) which were fitted in a Micro-syringe filter holder 
attached to a 50-ml syringe by Luer fitting and encased entirely in 
an aluminum heating block was unsatisfactory, because anomalously high 
intensity ratio was obtained for liquid naphthalene using such filters. 
Silver filter (Flotronics Membrane 0.45u) also gave the similar result. 
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The exact cause of this is uncertain. Glass filter of Fine porosity 
(about 5-U pore size) will effectively eliminate dust from liquid 
naphthalene, but the slowness in filtering is a disadvantage for 
solutions because composition could change slightly due to vaporization. 
Some assumptions were made in the absence of experimental data. 
First, Cp and (y - 1) were assumed additive with respect to mole fraction. 
Second, Rao's rule 7^ was used to calculate the ultrasonic velocities 
of solutions. The hypersonic velocity of liquid naphthalene was determined 
using the other pure liquids chosen as standard, namely benzene (at 26.3 ( 
Aw 
C, -r—— = 0.3208, n = 1.4905, v = 1444 m/s) and dodecane (at 26.3°C, 
Aa)B W F 
•r— = 0.2684, n = 1.4145, v = 1274 m/s). A reasonable curve was drawn 
for v vs. X from the data points, keeping in mind that ^— should not be 
less than unity and that v is less precisely known than v». The summary 
of experimental results and calculations is given in Table 8. The system 
is not as non-ideal as the other two systems that have been studied. The 
magnitude in X ^ — ^ — is relatively small. Thus the error in (*y - 1) and 
a. 
B becomes more important. For this reason, an additional decimal figure 
in both B and ( y - 1) is given to show the numerical difference clearly 
and to make the calculations in X 5 = — m o r e reproducible. This 
•L oX • 
\. 
additional figure is insignificant, except for the above purposes. The 
concentration dependence of some other quantities is shown in Fig. 25 
- 28. Fig. 29 shows the excess Gibbs free energies from the present 
method and those at about 142°C calculated from the data of activity 
81 
coefficients measured by Houser and Van Winkle and Lyvers and Van 
80 
Winkle. Comparison is made by considering the temperature dependence 
of G as in the following. 
7 8 
W S f ( 3 6 ) 
Although H is unknown for the present system, there are other similar 
E E 
systems for which both G and H have been determined. Since naphthalene 
is an unsubstituted aromatic hydrocarbon and n-dodecane is a n-alkane, 
systems such as benzene + n-alkane may be considered to give some 
E E 
indications of the relative magnitudes of G and H . The following 
data is made from the calculations based on the recent measurements of 
Harris and Dunlop 8^ and Palmer and Smith.8"* All values are referred to 
the equimolar composition. 
Reference H E G E 1 9G E 
System 
r E 3T 
number cal/mole cal/mole in % 
Benzene + n-Hexane at 25°C 84 213.2 91.8 -0.44% 
Benzene + n-Heptane at 25°C 84 222.0 83.4 -0.58% 
Benzene + n-Heptane at 25°C 85 208.8 81.3 -0.49% 
From the above experimental evidences , it may be deduced that for the 
system of naphthalene + dodecane, H is probably greater than G . Thus 
for a solution of the present system, G at lower temperature should 
be greater than G at higher temperature, and this is correctly 
indicated by the experimental result. 
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Table 8. Dodecane + Naphthalene at 85°C 
Part 1. 
X C 1 0 H 8 
Cp 
cal/mole°C 
** 
n 
3n 
8X 
3T i U 
•cT 1 
(Y - 1) 
*** 
v 0xio"" 5 
cm/sec 
0 98.20 a 1.3979 0.0965 4.25 0.189 C 1.058 6 
0.121 92.60 1.4085 0.1038 4.29 0.1943 1.073 
0.223 87.88 1.4191 0.1140 4.32 0.1988 1.087 
0.400 79.69 1.4422 0.1462 4.41 0.2066 1.115 
0,596 70.62 1.4773 0.1974 4.55 0.2152 1.154 
0.780 62.11 1.5200 0.2550 4.71 0.2233 1.204 
0.805 60.95 1.5262 0.2630 4.73 0.2244 1.212 
0.850 58.87 1.5390 0.2780 4.78 0.2264 1.227 
0.900 56.56 1.5534 0.2942 4.83 0.2286 1.245 
0.930 55.17 1.5621 0.3042 4.86 0.2299 1.257 
1 51.93 b 1.5842 0.3280 4.94 0.233 d 1.286 f 
* Additivity with respect to mole fraction is assumed. 
** Measured in this laboratory at 6328 A and 85°C. 
*** Rao's rule is used to calculate the values for solutions, assuming 
that the specific volume is additive with respect to mole fraction. 
See 0. Nomoto, J. Phys. Soc. Japan, _13, 1528 (1958). 
a Extrapolated from the heat capacity data of J. F. Messerly, G. B. Guthrie, 
S. S. Todd, and H. L. Finke, J. Chem. Eng. Data, 12_, 338 (1967). 
b Extrapolated from the heat capacity data of J. P. McCullough, H. L. 
Finke, J. F. Messerly, S. S. Todd, T. C. Kincheloe, and G. Waddington, 
J. Phys. Chem., 61_, 1105 (1957). 
(Footnotes continue in the next page.) 
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2 2 
T a p vo 
X 
C 1 0 H 8 
K 
v * 1 0 ~ 5 
c m / s e c 
BKX 1 X 2 
0 
0 . 1 2 1 
0 . 2 2 3 
0 . 4 0 0 
0 . 5 9 6 
0 . 7 8 0 
0 . 8 0 5 
0 . 8 5 0 
0 . 9 0 0 
0 . 9 3 0 
1 
1 9 . 8 6 
2 1 . 2 7 
2 4 . 0 1 
3 4 . 3 6 
5 2 . 1 5 
7 1 . 4 2 
7 3 . 9 3 
7 8 . 1 2 
8 2 . 3 3 
8 4 . 8 0 
8 9 . 8 1 
0 . 2 1 6 4 
0 . 2 2 6 7 
0 . 2 3 7 2 
0 . 2 5 0 7 
0 . 2 8 0 3 
0 . 3 3 5 2 
1 . 0 5 8 
1 . 0 7 3 
1 . 0 8 7 
1 . 1 1 5 
1 . 1 5 5 
1 . 2 2 3 
1 . 2 3 4 
1 . 2 5 8 
1 . 2 9 1 
1 . 3 1 8 
1 . 4 2 1 
0 . 1 8 9 
0 . 1 9 4 
0 . 1 9 9 
0 . 2 0 7 
0 . 2 1 7 
0 . 2 6 2 
0 . 2 6 9 
0 . 2 8 9 
0 . 3 2 1 
0 . 3 5 2 
0 . 5 0 5 
0 . 1 8 9 
0 . 1 9 4 3 
0 . 1 9 8 8 
0 . 2 0 6 6 
0 . 2 1 5 6 
0 . 2 3 0 4 
0 . 2 3 2 6 
0 . 2 3 8 0 
0 . 2 4 5 8 
0 . 2 5 2 8 
0 . 2 8 4 5 
0 
0 . 4 3 9 6 
0 . 8 2 7 1 
1 . 7 0 3 7 
2 . 7 0 7 3 
2 . 8 2 3 7 
2 . 6 9 9 4 
2 . 3 7 0 6 
1 . 8 2 1 3 
1 . 3 9 5 6 
0 
c C a l c u l a t e d f r o m y - 1 = — — , w h e r e a p was f rom G. H. F i n d e n e g g , 
M o n a t s h . , C h e m . , 1 0 1 , 1081 ( 1 9 7 0 ) , Vo and Cp w e r e f rom t h e r e f e r e n c e s 
i n F o o t n o t e s a and e . ? o 
d C a l c u l a t e d f r o m Y - 1 = - , w h e r e a was f r o m J . L . H a l e s and 
' Cp * P 
R. T o w n s e n d , J . Chem. T h e r m o . , b_, 763 ( 1 9 7 2 ) , v 0 and Cp w e r e f r o m 
t h e r e f e r e n c e s i n F o o t n o t e s b and f . 
e J . W. M. B o e l h o u w e r , P h y s i c a , 3 4 , 4 8 4 ( 1 9 6 7 ) . 
f T. S a t y a v a t i and S . V. Subrahmanyam, A c u s t i c a , j j ^ , 2 3 9 ( 1 9 6 1 ) . 
T a b l e 8 . D o d e c a n e + N a p h t h a l e n e a t 8 5 ° C 
P a r t 2 . 
T a b l e 8 . D o d e c a n e + 
P a r t 
N a p h t h a l e n e 
3 . 
a t 8 5 ° C 
X C 1 0 H 8 ^ i d e a l 
J 
e x p . 
B K X ^ 
J - A 
9 1 n Y 1 9 1 n y 2 
ax2 
0 0 . 2 1 3 0 . 2 1 3 0 
0 . 1 2 1 0 . 6 3 4 0 . 7 3 2 0 . 8 1 7 1 0 . 2 0 8 1 . 5 1 2 
0 . 2 2 3 1 . 0 2 6 1 . 2 3 5 0 . 7 9 8 4 0 . 2 5 9 0 . 9 0 4 
0 . 4 0 0 1 . 9 1 1 2 . 6 4 0 0 . 7 0 0 2 0 . 5 0 0 0 . 7 5 0 
0 . 5 9 6 2 . 9 2 4 4 . 9 1 3 0 . 5 7 6 5 1 . 0 4 8 0 . 7 1 1 
0 . 7 8 0 3 . 0 8 6 5 . 4 3 6 0 . 5 4 5 7 2 . 0 6 5 0 . 5 8 2 
0 . 8 0 5 2 . 9 6 9 5 . 0 3 6 0 . 5 6 6 3 2 . 2 2 4 0 . 5 3 9 
0 . 8 5 0 2 . 6 6 0 4 . 2 4 4 0 . 5 9 9 4 2 . 6 7 1 0 . 4 7 1 
0 . 9 0 0 2 . 1 4 2 3 . 0 2 0 0 . 6 7 4 8 3 . 2 5 2 0 . 3 6 1 
0 . 9 3 0 1 . 7 4 8 2 . 3 1 3 0 . 7 1 1 7 4 . 1 1 9 0 . 3 1 0 
0 . 4 3 2 0 . 4 3 2 0 
T a b l e 8 . D o d e c a n e + N a p h t h a l e n e a t 85°C 
P a r t 4 . 
G E 
10 8 c a l / m o l e 
0 0 1 0 
0 . 1 0 . 0 0 9 0 . 6 4 2 1 . 0 0 9 1 . 8 9 9 5 1 . 5 
0 . 2 0 . 0 3 1 0 . 5 0 7 1 . 0 3 2 1 . 6 6 0 8 9 . 8 
0 . 3 0 . 0 6 1 0 . 4 1 8 1 . 0 6 3 1 . 5 1 8 1 1 9 . 6 
0 . 4 0 . 1 0 3 0 . 3 4 0 1 . 1 0 9 1 . 4 0 4 1 4 0 . 8 
0 . 5 0 . 1 6 5 0 . 2 6 5 1 . 1 8 0 1 . 3 0 4 1 5 3 . 0 
0 . 6 0 . 2 5 6 0 . 1 9 3 1 . 2 9 1 1 . 2 1 2 1 5 5 . 3 
0 . 7 0 . 3 8 6 0 . 1 2 4 1 . 4 7 1 1 . 1 3 2 1 4 4 . 2 
0 . 8 0 . 5 7 3 0 . 0 6 4 1 . 7 7 3 1 . 0 6 6 1 1 8 . 0 
0 . 9 0 . 8 4 5 0 . 0 1 8 2 . 3 2 4 1 . 0 1 8 7 1 . 7 
1 . 0 0 1 0 
Figure 25. Velocity of Sound Versus Concentration for 
Dodecane + Naphthalene at 85°C 
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CHAPTER IV 
CONCLUSIONS AND RECOMMENDATIONS 
The results presented in the previous chapter show that the 
activity coefficients of a binary mixture can be satisfactorily 
determined from Brillouin spectra intensity ratios. Where standard 
thermodynamic methods are not practical, this method may be particularly 
useful. 
Characterization of the Method 
Here an analysis is given to characterize the applicability of 
the method when a predetermined degree of accuracy is desired. 
First, the typical uncertainty in the intensity ratio measurement 
is 0.05. Let J be the correct value of the intensity ratio and the 
experimental value be always J + 0.05. Then the percentage error in 
d l n y i 
X — + 1 will depend on the magnitude of J, and is given by 
A, O A • 
A. 
BKX XX 2 
( 1
 " ' bk£;x25 " A ) * 1 0 0 % " j ^ T o s x 1 0 0 % ( 3 7 ) 
_____ 
31ny^ 
A plot of % error in X^ -—, h 1 vs. J is given in Fig. 30. It indicates 
a, • 
the following. 
(1) For the error in X --—— + 1 to be on the order of 1%, J must be 
A, O A y 
A, 
greater than 5. This happens for systems in which the scattering due 
to concentration fluctuations is predominant. 
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(2) Below J = 1.0, the percentage error becomes very large. This usually 
happens in cases such as dilute solutions, solutions composed of 
two components whose refractive indices differ little, and solutions 
which show negative deviation from Raoult's law. In all of these 
cases the contribution of scattering due to concentration 
fluctuations is small. 
(3) Above J = 2.0, the error in X . - ^ — + 1 reduces to 3% or less. This 
•L O A y 
is about a minimum value that a system of positive deviation from 
Raoult's law should have in at least a small range of composition 
for the Brillouin scattering method to be practical. 
(4) For J to be equal or greater than 2.0, must be of a certain 
predictable magnitude, if all the other quantities have values 
typical of ordinary organic liquids. This means that there must be 
a certain minimum difference between the refractive indices of the 
two components composing the binary system. In general, this 
difference should be at least 0.15, and the larger, the better. For 
ideal systems composed of two components which refractive indices 
differ by 0.15 or greater, the J of an equimolar mixture will 
rarely be less than 1.0, unless the temperature of interest is 
considerably higher than room temperature. Hence the method is 
considered practical for such systems. 
Second, the degree of non-ideality is inherent in the ratio 
KBX X 
7 — . The question is what magnitude this ratio should be for the 
J — A 
method to achieve reasonable accuracy in the determination of activity 
coefficient. Suppose a summed error in KBX X is 10% over its correct 
a i n V 
magnitude, the percentage error in X . — ^ — w i l l depend on the magnitude 
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K B X 1 X 2 
o f j _ ^ and is given by 
KBX X KBX.X. 
1.1 x z - 1 0.1 x -—LA 
( i) x
 1 0 0 % = ( J ~ ) x
 100z 
L A _ i L A _ i 
J - A J - A (38) 
% l n y L KBX X 
A plot of % error in X ^ r r r - — v s . - _
 A is given in Fig. 31. It indicates 
A* 
the following. 
K B X 1 X 2 
(1) If the ratio — is on the order of 0.1, as much as 10% error 
"
 3 l nT/ in KBX.X n will result in about 1% in X. ^ . 
1 Z A , d X ' 
A . 
KBX X 
(2) At — = 0.5, 10% error in KBX X will result in the same degree 
J
 "
 A
 tflny-
of error in X • — ^ r : — . If this ratio applies to an equimolar mixture, 
A , d X ' 
A . 
the excess Gibbs free energy at 25°C will be on the order of 150 
cal/mole. 10% of error, i.e. 15 cal/mole, is near the upper limit 
of experimental uncertainty by standard thermodynamic methods. 
K B X 1 X 2 d l n \ (3) At - —— = 0.6, the % error in X .—^— increases rapidly. This 
J — A A . O A -
A , 
will always happen in dilute solutions where this ratio must 
approach unity at both ends of concentration. However the absolute 
magnitude of activity coefficient is represented by the total area 
ainy^ a i nTc 
under the curve of — ^ r : — vs. X. from X- = 1, where - ~ ~ T ; — = 0, to 
d A - A . A . d X -
t A . 
the composition of interest according to the adopted convention. 
8 1 nTc 
In the composition region where X- is not far from 1, — ^ — is 
r\ i A , d X ' 
small. While the % error in — g £ — in this region may be large, the 
A , 
area under the curve is only an insignificant portion of the total 
KBX XX 2 
area, if integration is extended to a concentration where — — 
is sufficiently small or known with better accuracy. Thus the error 
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i n t r o d u c e d i n t o t h e a b s o l u t e m a g n i t u d e o f a c t i v i t y c o e f f i c i e n t i s 
KBX X X 2 
l a r g e l y g o v e r n e d by t h e a c c u r a c y o f 7 — a t t h e c o m p o s i t i o n o f 
i n v e s t i g a t i o n . 
S i m p l i f i c a t i o n o f t h e Method 
The method w o u l d b e more u s e f u l i f t h e c a l c u l a t i o n o f (y - 1) 
w e r e n o t a l w a y s r e q u i r e d . The v a l u e o f (y - 1) f o r a p u r e l i q u i d i s 
s o m e t i m e s r e f e r r e d t o a s t h e L a n d a u - P l a c z e k r a t i o , and i s a f u n d a m e n t a l 
q u a n t i t y i n t h e t h e o r y o f B r i l l o u i n s c a t t e r i n g . I t i s a l s o a q u a n t i t y 
t h a t i s v e r y h a r d t o e v a l u a t e a c c u r a t e l y . To o b t a i n (y - 1 ) , i t i s 
n e c e s s a r y t o know Cp, v<?, and a p . W h i l e t h e f i r s t two q u a n t i t i e s may 
b e e i t h e r a v a i l a b l e f rom t h e l i t e r a t u r e o r p r e d i c t a b l e f r o m t h e 
e m p i r i c a l r u l e s , a p i s n o t o n l y u n p r e d i c t a b l e , b u t a q u a n t i t y w h i c h 
i s d i f f i c u l t t o m e a s u r e w i t h good a c c u r a c y . A n o t h e r q u a n t i t y w h i c h i s 
d i f f i c u l t t o m e a s u r e i n t h e p r e s e n t s t u d y i s t h e t e m p e r a t u r e d e r i v a t i v e 
9n 3n 
o f r e f r a c t i v e i n d e x , ^7. a p and 7^ a r e t y p i c a l l y o n t h e o r d e r o f 0 . 0 0 1 
and 0 . 0 0 0 5 ° C * r e s p e c t i v e l y , and t o m e a s u r e them t o t h e a c c u r a c y w i t h i n 
±2% w i l l demand v e r y good t e m p e r a t u r e c o n t r o l and p r e c i s i o n i n s t r u m e n t s . 
I t i s d e s i r a b l e t h a t t h e e s t i m a t i o n o f e i t h e r b e a v o i d e d and t h a t t h e 
method o f B r i l l o u i n s c a t t e r i n g s t i l l b e s a t i s f a c t o r y f o r d e t e r m i n i n g 
a c t i v i t y c o e f f i c i e n t s i n t h e s i t u a t i o n w h e r e ( y - 1 ) i s s t r i c t l y unknown. 
From t h e d e f i n i t i o n s , i t c a n b e r e a d i l y shown t h a t 
. 3 t k 2 
M ^dX} 2 2
 / o n N 
K B =
 R T 3 ^ 2 a P V ( 3 9 ) 
w h e r e t h e g a s c o n s t a n t R i s i n t h e u n i t o f e r g d e g *mole and v , 
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«p 2 
c m / s e c , M i s t h e m o l e c u l a r w e i g h t o f t h e m i x t u r e . The r a t i o
 0 i s (|f)2 
p e r h a p s d e s c r i b a b l e i n t e r m s o f more e a s i l y m e a s u r a b l e q u a n t i t i e s . 
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H e l l e r h a s shown t h a t f o r a s y s t e m o f b i n a r y m i x t u r e c o v e r i n g t h e 
e n t i r e c o n c e n t r a t i o n r a n g e , t h e L o r e n t z - L o r e n z e q u a t i o n i s t h e most 
r e l i a b l e o n e i n p r e d i c t i n g t h e r e f r a c t i v e i n d e x o f a m i x t u r e . 
n + 2 P 
w h e r e M and p a r e t h e m o l e c u l a r w e i g h t and d e n s i t y o f t h e m i x t u r e 
r e s p e c t i v e l y , R i s t h e m o l a r r e f r a c t i o n , and i s known t o be n e a r l y 
t e m p e r a t u r e i n d e p e n d e n t . E q . ( 4 0 ) l e a d s t o 
H - -(p2* T2-l) °p 
OL 
P 
From t h e e q u a t i o n , t h e r a t i o —— i s f u n c t i o n o f r e f r a c t i v e i n d e x o n l y , 
w h i c h c a n be e a s i l y m e a s u r e d . S u b s t i t u t i n g t h e r a t i o i n t o E q . ( 3 9 ) , 
o n e o b t a i n s an i n d e p e n d e n t form o f KB, now d e n o t e d by ( K B ) ' . 
( K B ) ' = f - (—= 2£= )Z ( 4 2 ) 
( n 2 + 2 ) ( n 2 - 1) 
KB and (KB)' w o u l d b e e q u a l i f t h e L o r e n t z - L o r e n z e q u a t i o n w e r e p e r f e c t 
I t i s i n s t r u c t i v e t o i n v e s t i g a t e t h e r a t i o , 
KB _
 ( ! P i n 2 + 2 ) ( n 2 - 1) 2 ( 
(KB) ' v 9n 6n 
oT 
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A check on the organic liquids studied here can be made, using exactly 
3 n 
the same values of a_, -^r and n listed in the previous tables. These 
P di 
liquids cover a wide range of refractive index. The result of calculations 
is as follows. 
KB 
Liquids t°C (KB)' 
Benzene 25 1.249 
Toluene 25 1.273 
Ethylene dichloride 25 1.258 
Acetone 25 1.290 
Chloroform 25 1.126 
Methanol 25 1.203 
Carbon disulfide 25 1.359 
Naphthalene 85 1.403 
Dodecane 85 1.271 
Ave: 1.270 
The deviations from the overall average may be due in part to the 
3n 
relatively large uncertainties in a p and 7^ 7. It is probably true that 
the correction factor is not constant and varies slightly from one liquid 
to the other, but is generally not far from the overall average. The 
concept of using a correction factor to a predicted value on the basis 
69 
of the Lorentz-Lorenz equation is not new. Schmidt and Clever have 
used it for the density coefficient of dielectric constant. They have 
shown that the use of their factor leads to the satisfactory determina­
tions of activity coefficients by the method of Rayleigh light scattering. 
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Here the factor is for the temperature coefficient of refractive index. 
KB 7 The factor, , < . may be wavelength dependent. Coumou et al. have (.KB; 
9n 
published their measurements of n and at 23°C at the wavelength of 
5460 A for eleven organic liquids. The result of calculations based on 
KB 
their data shows that the overall average of the ratio ~kb)"' "*"S ®' 2 2^" 
Combining all the numerical constants, a simplified equation suitable 
for use at the wavelength of 6328 A is 
7 M
 n W ^ v 9 
KB = 5.50 x 10 1 ^ ( — ) z (44) 
(n Z+ 2)(n - 1) 
Before applying this equation to the systems that have been studied, it 
is desirable to check by an independent criterion how good this equation 
87 
is. San Fillippo et al. have reported the measurement of the molecular 
weights of various solutes in dilute ideal solutions from the concentra­
tion dependence of J. They assumed that all the quantities in KB, except 
9n 
9X 2 
, referred to the pure solvent. The intensity ratio formula was 
rewritten in terms of grams per milliliter of solute, c, and molecular 
weight of solute, , to give an equation of the form 
J = Jo + S(|^) 2M 0c (45) dc 2
where S is a solvent-dependent term. By the present procedure, it can 
be shown that 
S = 5.50 x 10~ 7(—;= ^ ~ ) 2 \ (46) 
(n Z+ 2)(n Z- 1) 
where is the density of solvent in g/ml. Table 10 shows the result 
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of calculations by the simplified method. The % difference is based on 
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the values of S given by San Fillippo et al., and is about 1 to 3%, 
except methylene chloride for which ^ was pot accurately determined 
and the comparison can only be approximate. The overall agreement is 
considered satisfactory, and gives a supporting evidence that the 
simplified method should be applicable to the calculations of activity 
coefficients. 
Table 9. Testing of Equation (46) 
, -5 ** 
% 
•k vxlO Pi 
CO 
Solvent n L Difference 
cm/sec g/ml mole/ml 
Methanol 1.3254 1.106 a 0.78653 3.86 +2.9 
methylene chloride 1.4194 l.lll b 1.3191 3.65 +6.4 
Carbon tetrachloride 1.45436 0.996 b 1.59437 2.91 -1.4 
D ime thly for ma mid e 1.42622 1.459 c 0.9445 d 4.34 -1.8 
* F. San Fillippo, Ph.D. Thesis, Georgia Institute of Technology (1971). 
** J. Timmermans, "Physico-Chemical Constants of Pure Organic Compounds", 
Vol. 2, Elsevier Pub. Co., Amsterdam, 1965. 
a See Table 6. 
b D. P. Eastman, A. Holliger, J. Kenemuth, and D. H. Rank, J. Chem. Phys., 
50, 1567 (1969). 
c 0. Nomoto and H. Endo, Bull. Chem. Soc. Jap., 43, 2718 (1970). 
d P. G. Stecher, Editor, "The Merck Index", Merck & Co., Inc., Rahway, 
N. J., 1968. 
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T e s t i n g o f t h e S i m p l i f i e d Method 
Now t h a t ( y - 1) i s t o b e a s s u m e d unknown, a n a p p r o x i m a t e 
p r o c e d u r e mus t be worked o u t f o r p r e d i c t i n g t h e t e r m A. An a d e q u a t e 
a p p o r a c h i s t o d e f i n e a q u a n t i t y Q f o r a p u r e l i q u i d by 
j _
 Q ( ^ - ) 2 - i ( A 7 ) 
V o 
F o r s o l u t i o n s , i t i s a s s u m e d t h e Q i s l i n e a r i n m o l e f r a c t i o n , i . e . 
A - Q ( ^ - ) 2 - 1 ( 4 8 ) 
V o 
w h e r e Q - + ( 4 9 ) 
A l l t h e c a l c u l a t i o n s o n t h e b a s i s o f t h e a b o v e s i m p l i f i e d method 
w i l l b e made u s i n g e n t i r e l y t h e same d a t a a s i n t h e p r e v i o u s f o r m a l 
m e t h o d s o t h a t c o m p a r i s o n s c a n b e made . The p e r c e n t a g e d i f f e r e n c e i n 
KB o r G r e f e r s t o t h e c h a n g e i n t h e c o r r e s p o n d i n g q u a n t i t y f rom t h a t 
o f t h e p r e v i o u s t a b l e s . T h e r e a r e I m p o r t a n t s o u r c e s t h a t w i l l c a u s e t h e 
E 
d i f f e r e n c e s i n KB and G . Some e x a m p l e s a r e g i v e n i n t h e f o l l o w i n g . 
KB 
(1 ) The c o r r e c t i o n f a c t o r " T - ~ " T i s n o t s t r ^ c t l y a c o n s t a n t , b u t s h o u l d 
v a r y i n d i v i d u a l l y f rom o n e l i q u i d t o t h e o t h e r . A l t h o u g h t h e 
m a j o r i t y o f l i q u i d s s e e m t o h a v e t h e c o r r e c t i o n f a c t o r f a i r l y c l o s e 
t o t h e o v e r a l l a v e r a g e , t h e r e a r e e x c e p t i o n s . 
( 2 ) The u n c e r t a i n t y i n t h e a b s o l u t e m a g n i t u d e o f ( y - 1) i s l a r g e . T h i s 
i s e s p e c i a l l y t r u e f o r s o l u t i o n s w h e r e t h e ( y - 1) a r e u n a v a i l a b l e 
and must b e a s s u m e d a d d i t i v e w i t h r e s p e c t t o m o l e f r a c t i o n . 
The r e s u l t s o f c a l c u l a t i o n s a r e summar ized i n t h e f o l l o w i n g 
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tables. Only those quantities which are new or different from those of 
the previous corresponding tables are given. Figures 32 - 34 show the 
91ny, 
plots of -~^z— vs. X as the results of the calculations by the simplified 
method. The activity coefficients for the three systems were calculated 
from these figures, and compared favorably with those obtained from 
the more formal procedure. The difference in KB from the two methods 
can be on the order of 10%, but generally is smaller. It is believed 
that the formal method is more reliable in calculating activity 
coefficients because the procedure of calculation is in line with the 
theory, whereas the simplified method is empirical. Nevertheless, what 
is most significant is the fact that ( y - 1) in the simplified method 
3 n 
is not required and the difficult measurement of may be circumvented. 
Table 10. Benzene + Ethylene Dichloride at 25°C 
X 
C 6 H 6 
0 
0.1835 
0.3720 
0.5730 
0.7810 
1 
M 
98.960 
95.135 
91.205 
87.015 
82.679 
78.114 
KB % 
Difference 
0.766 
0.746 
0.740 
0.761 
0.833 
1.021 
+1.1 
-1.1 
-4.4 
-5.2 
-4.5 
+1.6 
Table 11. Toluene + Ethylene Dichloride at 25 
X C 2 H 4 C 1 2 M KB 
la 
Difference 
0 92.142 0.491 -0.4 
0.2516 93.857 0.563 -0.9 
0.4728 95.366 0.648 -0.8 
0.6686 96.701 0.750 -0.5 
0.8433 97.892 0.867 +0.2 
1 98.960 1.000 +1.0 
Table 12. Acetone + Chloroform at 25°C 
X C H C 1 3 
M KB % 
Difference 
0 58.081 2.718 0 
0.2004 70.365 2.242 -0.6 
0.4006 82.63/ 1.904 +7.2 
0.5006 88.766 1.785 +9.1 
0.6007 94.902 1.672 +11.2 
0.8004 107.143 1.467 +12.8 
1 119.378 1.266 +12.7 
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T a b l e 1 3 . A c e t o n e + Carbon D i s u l f i d e a t 25°C 
P a r t 1 . 
KBX 1X 2 
D i f f e r e n c e J - A 
0 5 8 . 0 8 0 . 4 5 0 0 . 4 5 0 1 0 . 8 2 9 - 1 . 7 
0 . 1 9 9 4 6 1 . 6 8 0 . 4 5 5 0 . 4 5 5 9 . 0 3 6 + 5 . 4 0 . 6 2 1 0 
0 . 4 0 0 1 6 5 . 3 1 0 . 4 6 0 0 . 4 6 3 8 . 3 8 3 + 5 . 9 0 . 3 5 2 7 
0 . 5 0 0 4 6 7 . 1 2 0 . 4 6 3 0 . 4 7 6 8 . 5 5 2 + 4 . 3 0 . 2 5 5 2 
0 . 5 9 8 9 6 8 . 9 0 0 . 4 6 5 0 . 4 9 4 9 . 0 5 0 + 1 . 7 0 . 2 3 7 6 
0 . 8 0 0 3 7 2 . 5 3 0 . 4 7 0 0 . 5 5 3 1 1 . 4 9 0 - 2 . 5 0 . 7 3 3 4 
0 . 8 8 1 8 7 4 . 0 0 0 . 4 7 2 0 . 6 0 6 1 3 . 3 0 3 - 4 . 4 0 . 4 8 1 9 
1 7 6 . 1 4 0 . 4 7 5 0 . 7 1 4 1 7 . 2 2 1 - 6 . 4 
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Table 1 3 . Acetone + Carbon Disulfide at 25°C 
Part 2 . 
x c s 2 
9 X 1 
a i n y 2 
l n ^ i n y 2 
G E 
cal/mole 
% 
Difference 
0 0 2 . 0 5 2 0 1 . 3 4 9 0 
0 . 1 0 . 2 1 8 1 . 9 6 2 0 . 0 1 1 1 . 1 4 9 7 3 . 9 - 6 . 6 
0 . 2 0 . 4 6 6 1 . 8 6 4 0 . 0 4 5 0 . 9 5 7 1 3 4 . 7 - 5 . 3 
0 . 3 0 . 7 5 0 1 . 7 5 0 0 . 1 0 6 0 . 7 7 7 1 8 2 . 1 - 4 . 3 
0 . 4 1 . 0 9 4 1 . 6 4 1 0 . 1 9 8 0 . 6 0 7 2 1 4 . 2 - 3 . 7 
0 . 5 1 . 4 9 0 1 . 4 9 0 0 . 3 2 7 0 . 4 5 1 2 3 0 . 5 - 3 . 1 
0 . 6 1 . 9 4 5 1 . 2 9 7 0 . 4 9 9 0 . 3 1 1 2 2 8 . 8 - 2 . 8 
0 . 7 2.540 1 . 0 8 9 0 . 7 2 3 0 . 1 9 2 208 .1 - 2 . 3 
0 . 8 3 . 4 1 0 0 . 8 5 3 1 . 0 2 1 0 . 0 9 5 1 6 6 . 0 - 1 . 2 
0 . 9 4 . 7 0 0 0 . 5 2 2 1 . 4 2 6 0 . 0 2 6 9 8 . 4 + 0 . 4 
1 0 0 0 
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T a b l e 1 4 . B e n z e n e + M e t h a n o l a t 25°C 
P a r t 1 . 
X C H o 0 H 
M Q A KB 
% KBX X X 2 
T _ A 
j D i f f e r e n c e J — A 
0 7 8 . 1 1 0 . 4 8 2 0 . 8 4 9 1 . 3 2 8 + 1 . 5 
0 . 1 7 3 . 5 0 0 . 4 6 0 0 . 7 3 8 1 . 6 3 6 + 3 . 2 0 . 2 6 9 2 
0 . 2 6 8 . 9 0 0 . 4 3 9 0 . 6 3 6 2 . 0 0 8 + 5 . 3 0 . 1 2 0 1 
0 . 4 5 9 . 6 8 0 . 3 9 5 0 . 4 8 0 2 . 9 6 8 +7 2 0 . 1 0 9 5 
0 . 5 5 5 . 0 8 0 . 3 7 4 0 . 4 2 2 3 . 7 0 4 + 8 . 4 0 . 1 3 4 4 
0 . 6 5 0 . 4 7 0 . 3 5 2 0 . 4 6 3 4 . 7 7 1 + 9 . 5 0 . 1 8 9 1 
0 . 8 4 1 . 2 5 0 . 3 0 8 0 . 3 1 7 9 . 1 9 7 + 9 . 8 0 . 4 7 8 1 
0 . 9 3 6 . 6 5 0 . 2 8 7 0 . 2 9 2 1 3 . 4 1 6 + 8 . 4 0 . 7 3 6 3 
1 3 2 . 0 4 0 . 2 6 5 0 . 2 6 7 1 9 . 2 3 8 + 5 . 7 
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T a b l e 1 4 . B e n z e n e + 
P a r t 2 
M e t h a n o l a t 25°C 
X C H 3 0 H 
dlnyl 
9 X 1 
3 l n y 2 
l n Y 1 l n Y 2 
G E 
c a l / m o l e 
% 
D i f f e r e n c e 
0 0 0 0 
0 . 1 0 . 8 1 2 7 . 3 0 8 0 . 0 4 1 1 . 8 2 8 1 3 0 . 2 - 3 . 3 
0 . 2 1 . 1 0 0 4 . 4 0 0 0 . 1 3 6 1 . 2 4 2 2 1 1 . 6 - 3 . 1 
0 . 3 1 . 2 8 0 2 . 9 8 7 0 . 2 5 5 0 . 8 7 3 2 6 0 . 9 - 3 . 1 
0 . 4 1 . 4 8 4 2 . 2 2 6 0 . 3 9 3 0 . 6 1 2 2 8 4 . 7 - 3 . 4 
0 . 5 1 . 7 3 1 1 . 7 3 1 0 . 5 5 4 0 . 4 1 4 2 8 6 . 8 - 3 . 8 
0 . 6 2 . 0 2 7 1 . 3 5 2 0 . 7 4 2 0 . 2 6 0 2 6 8 . 3 - 4 . 3 
0 . 7 2 . 3 2 0 0 . 9 5 5 0 . 9 5 9 0 . 1 4 5 2 3 0 . 6 - 4 . 8 
0 . 8 2 . 6 1 0 0 . 6 5 2 1 . 2 0 6 0 . 0 6 5 1 7 3 . 7 - 5 . 3 
0 . 9 2 . 8 8 0 0 . 3 2 0 1 . 4 8 0 0 . 0 1 6 9 6 . 2 - 7 . 0 
1 0 0 0 
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C,„H 
Table 15. Dodecane + Naphthalene at 85°C 
Part 1. 
X., „ M Q A KB % K B X 1 X 2 
10 8 J - A 
Difference 
0 170.34 0.213 0.213 3.744 -0.3 
0.121 165.24 0.208 0.208 4.065 -1.6 0.8251 
0.223 160.94 0.204 0.204 4.615 -3.3 0.7756 
0.400 153.48 0.197 0.197 6.710 -5.5 0.6592 
0.596 145.21 0.189 0.191 10.344 -8.0 0.5275 
0.780 137.46 0.182 0.220 14.868 -9.6 0.4891 
0.805 136.40 0.181 0.224 15.517 -9.8 0.5062 
0.850 134.50 0.179 0.239 16.741 -10.0 0.5330 
0.900 132.40 0.177 0.266 18.201 -10.1 0.5948 
0.930 131.13 0.176 0.293 19.317 -9.9 0.6225 
1 128.18 0.173 0.432 23.181 -9.3 
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T a b l e 1 5 . D o d e c a n e + N a p h t h a l e n e a t 85 °C 
P a r t 2 . 
X c i O H 8 3 X 
3 1 n y 2 
3 X 2 
l n y L i n y 2 
G E 
c a l / m o l e 
% 
D i f f e r e n c e 
0 0 0 0 
0 . 1 0 . 1 7 5 1 . 6 6 5 0 . 0 0 9 0 . 7 0 8 5 6 . 2 + 9 . 1 
0 . 2 0 . 2 6 6 1 . 0 6 4 0 . 0 3 1 0 . 5 7 2 9 9 . 1 + 1 0 . 4 
0 . 3 0 . 3 9 2 0 . 9 1 5 0 . 0 6 4 0 . 4 7 3 1 3 2 . 9 + 1 1 . 1 
0 . 4 0 . 5 6 8 0 . 8 5 2 0 .1 .12 0 . 3 8 5 1 5 7 . 4 + 1 1 . 8 
0 . 5 0 . 8 2 2 0 . 8 2 2 0 . 1 8 1 0 . 3 0 1 1 7 1 . 5 + 1 2 . 1 
0 . 6 1 . 1 9 0 0 . 7 9 2 0 . 2 8 2 0 . 2 2 0 1 7 4 . 2 + 1 2 . 2 
0 . 7 1 . 7 0 8 0 . 7 3 2 0 . 4 2 7 0 . 1 4 4 1 6 2 . 9 + 1 3 . 0 
0 . 8 2 . 5 0 0 0 . 6 2 5 0 . 6 3 7 0 . 0 7 6 1 3 3 . 9 + 1 3 . 5 
0 . 9 4 . 0 5 0 0 . 4 5 0 0 . 9 6 5 0 . 0 2 3 8 3 . 4 + 1 6 . 3 
1 0 0 0 
107 

109 
110 
A d d i t i o n a l R e c o m m e n d a t i o n s 
To i m p r o v e t h e a c c u r a c y i n t h e m e a s u r e m e n t o f t h e i n t e n s i t y 
r a t i o , B r i l l o u i n p e a k s s h o u l d b e b e t t e r r e s o l v e d p a r t i c u l a r l y when 
t h e i n t e n s i t y r a t i o i s h i g h . The b a c k g r o u n d i n t e n s i t y o f t h e c e n t r a l 
p e a k a t t h e B r i l l o u i n - s h i f t e d f r e q u e n c y may b e r e d u c e d by a d o u b l e 
p a s s F a b r y - P e r o t i n t e r f e r o m e t e r t e c h n i q u e . The t e c h n i q u e h a s b e e n 
s u c c e s s f u l l y a p p l i e d t o c r i t i c a l m i x t u r e w h e r e t h e R a y l e i g h t o B r i l l o u i n 
i n t e n s i t y r a t i o i s t y p i c a l l y 10^ o r 1 0 " * . ^ 
The c o n c e n t r a t i o n c o e f f i c i e n t o f r e f r a c t i v e i n d e x i s b e s t o b t a i n e d 
from a d i f f e r e n t i a l r e f r a c t o m e t e r . The a c c u r a c y i n c o u l d b e i m p r o v e d 
by t h e u s e o f t h i s s p e c i f i c i n s t r u m e n t i f s u i t a b l y m o d i f i e d f o r o p e r a t i o n 
a t t e m p e r a t u r e s o t h e r t h a n room t e m p e r a t u r e . 
S i n c e a s a m p l e must b e f i l t e r e d t o remove d u s t b e f o r e a B r i l l o u i n 
s p e c t r u m i s t a k e n , i t i s recommended t h a t t h e r e f r a c t i v e i n d e x b e 
m e a s u r e d r i g h t a f t e r r e c o r d i n g t h e s p e c t r u m . T h i s s e r v e s a s a c h e c k on 
t h e s l i g h t c o m p o s i t i o n c h a n g e d u e t o v a p o r i z a t i o n i n t h e p r o c e s s o f 
f i l t e r i n g . 
Ill 
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